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1 Introduction 
 
 
The population distribution among the spin states of an ensemble of spin particles in 
statistical equilibrium is determined by the Boltzmann law: 
 
kT
E
i
i
eN
−∝  
 
where Ei is the energy level of the spin state i. In the case of an electron spin, which interacts 
with an external static magnetic field B0, the values of Ei can be expressed in terms of the 
electron (Bohr) magneton μB and the electron g-factor: 
 
E1,2 = 0B Bg2
1 ⋅μ⋅±  
 
where the states 1 and 2 correspond to the two possible orientations of the spin quantized along 
the magnetic field direction. If the energy gap between the two states, , is much 
smaller than kT, the spin polarization caused by the Boltzmann population difference of the 
states can be well approximated by the equation: 
0B Bg ⋅μ⋅
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This polarization of a thermally equilibrated ensemble of electron spins is called equilibrium 
or Boltzmann polarization. In spite of its usually very small value (for B0 = 0.34 T and room 
temperature peq amounts to only 7.8⋅10-4) the Boltzmann polarization can be successfully 
detected by Electron Paramagnetic Resonance (EPR) Spectroscopy [1], which is widely used to 
study paramagnetic particles, e.g. free radicals. 
 
The electron spin system of reactive radicals in liquids is often polarized by chemical 
reactions, i.e. the populations of the energy levels deviate from the Boltzmann distribution. This 
so-called Chemically Induced Dynamic Electron Polarization (CIDEP) can result from a spin 
state selective radical formation or a spin state selective radical reaction. In principal, the 
polarization can take on any value in the range from –1 to +1. A negative polarization means, 
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that the EPR spectrum appears in emission, i.e. the radical system then emits microwaves 
instead of absorbing them. Of course, the CIDEP always disappears by relaxation to thermal 
equilibrium. Typical relaxation times for free radicals in solution lie in the range from about 
100 ns to about 10 μs. Thus, investigations of CIDEP phenomena require Time-Resolved EPR 
(TREPR) measurements with a time resolution of at least 100 ns.  
 
CIDEP can be induced by a variety of different mechanisms. One of the most prominent 
ones is the so-called Triplet Mechanism (TM), which is often encountered if radicals are 
generated by flash photolysis. The principle of this mechanism is sketched in scheme 1.1. 
Photoexcitation of molecules to an excited singlet state 1S1 is often followed by a rapid 
Intersystem Crossing (ISC) to the triplet state 3T1, a process which is usually caused by spin-
orbit interaction [2]. It is well known [3], that the rates of the ISC process may be different for 
the three triplet zero-field sublevels Tx, Ty, and Tz. This leads to different populations of these  
sublevels and, therefore, to a spin polarization in the molecular frame. The relative difference of 
the ISC rates can reach very large values if one or two of the singlet-triplet sublevel transitions 
are symmetry forbidden. This situation is present, for example, in benzophenone molecules, 
where the transitions to two sublevels are symmetry forbidden and, consequently, the third one 
becomes strongly overpopulated [4]. 
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Scheme 1.1 
 
 
 In liquids the orientations of the triplet molecules in the laboratory frame are equally 
distributed over all possible rotational angles. Therefore, in zero magnetic field the spin 
polarization in the molecular frame would be invisible in the laboratory frame because of 
observation of the ensemble average. Nevertheless, under certain conditions the polarization 
gained in the molecular frame may be partially transferred to the laboratory one. For this to 
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happen it requires usually two things, namely an applied static magnetic field and a nonzero 
dipole-dipole interaction which splits the triplet sublevels in the molecular frame. If the triplet 
molecules obtain an electron spin polarization in the laboratory frame and if they decay into 
radicals faster than this polarization relaxes to thermal equilibrium, then the radical system will 
carry an initial spin polarization which can be detected by TREPR spectroscopy. The triplet 
molecules themselves usually escape the TREPR observation because of their short spin-spin 
relaxation times (typically a few nanoseconds) and, hence, large EPR linewidths. 
 
The TM was introduced about three decades ago [5,6] and was put on a sound theoretical 
basis in a variety of publications [7,8,9]. Today it is more precisely named population type (p-
type) TM in order to distinguish it from the reversed mechanism, the depopulation type (d-type) 
TM. The latter has been proposed by U. Steiner in the early eighties to explain an observed 
Magnetic Field Effect (MFE) on the radical quantum yield in electron transfer reactions 
between triplet excited thionine and various halogen substituted anilines [10,11]. Upon 
collision these molecules form triplet exciplexes which decay rapidly by two competing 
processes, ISC to the ground state and decomposition by electron transfer into radicals (see 
scheme 1.2). The  
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Scheme 1.2 
 
 
faster the ISC is, the lower will be the radical yield. If the ISC proceeds with different rates 
from the three sublevels Tx, Ty, and Tz of the exciplex triplet state, the radical yield becomes 
dependent on the strength of an applied magnetic field, because the field mixes the states Tx, Ty, 
Tz and, hence, increases the integral ISC rate and, consequently, lowers the radical yield. Of 
course, this d-type TM also leads to an initial spin polarization of the resulting radicals R1 and 
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R2, provided the requirements are fulfilled for the polarization transfer from the zero-field states 
Tx, Ty, Tz to the radicals. The radical spin polarizations in the thionine/halogen-aniline systems 
have not been investigated up to now and will be part of this work. However, in rather similar 
systems consisting of triplet excited dye molecules and halogen substituted anilines the CIDEP 
of the radicals as well as the MFE upon the radical yield have been observed recently [12]. 
The conditions for a d-type TM to occur are seldom met, especially the required fast ISC of 
the triplet excited molecule back to its ground state with rates of at least 109 s-1. Besides the 
above mentioned systems, where triplet excited dye molecules form exciplexes with halogen 
substituted anilines, only one further class of photo-decompositions are known, where a d-type 
TM had to be invoked to explain the initial CIDEP of the radicals generated. Recently, A. 
Savitsky and H. Paul have observed that alkyl radicals are polarized with an anomalous 
emission when generated by triplet-sensitized photo-decomposition of acyclic azoalkanes [13]. 
They have tentatively attributed this polarization to a d-type TM, assuming that the radiationless 
deactivation of the triplet azoalkanes to their singlet ground state occurs faster from the 
energetically lower triplet sublevels, thus producing an overpopulation of the higher ones. If this 
assumption holds, the radical yield should depend on the strength of an applied magnetic field, 
as has been explained above for the thionine/halogen-aniline systems.  
 
In the d-type TM the initial CIDEP of the radicals and the MFE upon their yield are two 
manifestations of one and the same phenomenon. Thus, the magnitudes of both effects should 
be correctly predictable with one and the same set of parameters, which are essentially the ISC 
rates of the triplet molecules, their decomposition rates into radicals, their Zero-Field Splitting 
(ZFS) tensor, as well as the correlation time of their rotational diffusion. The main idea of this 
work was to check this by measuring under comparable conditions and by analysing 
quantitatively both the spin polarization of the radicals and the MFE on their yield. Such a 
unified treatment of both effects has not been tried before, though it is nearly imperative to give 
conclusive evidence for the d-type TM and the soundness and reliability of the theoretical 
model and its formulation, also in its quantitative details. In addition, the combined analysis of 
both effects should yield characteristic data of the triplet molecules, which are difficult to obtain 
with other experimental techniques. This is of particular interest for the triplet state of 
azoalkanes, as up to now neither kinetic nor spectroscopic data are known for these elusive 
species. 
 
In the following main chapter 2 of this work the rapidly deactivating triplet state of 
azocumene (AC) is studied by combination of two experimental methods: TREPR and optical 
 6
absorption spectroscopy after laser flash photolysis (LFP). The triplet state of AC is generated 
by  photo-sensitization  with 1-nitronaphthalene (1-NN). The  cumyl  radicals,  formed  after 
3(1-NN) quenching by AC, are investigated in alkane solutions of different viscosity (0.4 cP –
100 cP). A kinetic analysis is developed, which allows an accurate determination of the radical 
yield from the time profiles of the optical absorption spectrum of the solution. The cumyl 
radical yield in the various solvents is then determined for different applied magnetic fields 
ranging from 0.02 T – 3 T. These measurements have been carried through on the LFP set-up of 
U. Steiner’s group at the University of Konstanz. 
 
The second observable, the non-equilibrium initial spin polarizations of the cumyl radicals, 
are then investigated by TREPR, again for various viscosities ranging from 0.2 cP - 100 cP, but 
at only one magnetic field strength (350 mT, the field of our X-band TREPR spectrometer). The 
initial CIDEP of the radicals is determined by fitting the experimental time profiles with Bloch 
equations, which are modified to account properly for the chemical reaction dynamics of the1-
NN/AC system.  
 
It is then shown that all parameters (the different rates for the ISC, the cleavage rate into 
radicals, and the zero-field splitting parameter D which measures the dipole-dipole interaction 
between the two unpaired triplet electrons) can be obtained from a combined analysis of the 
CIDEP and MFE data. Finally, these parameters will be validated by using them in a numerical 
integration of the relevant Stochastic Liouville Equation (SLE). A short introduction into the 
photochemistry of acyclic azoalkane is given at the beginning of the chapter in order to 
facilitate for the reader the further understanding. 
 
The third chapter deals with an experimental TREPR study of the CIDEP of semi-reduced 
thionine radicals produced by reacting thionine triplets with aniline and some of its halogenated 
derivatives. These are the chemical systems for which, two decades ago, U. Steiner measured 
the MFE on the radical yield and first formulated the d-type TM. Until now the lack of 
information on the size of the radical spin polarization created in these systems did not allow a 
unified theoretical treatment of all relevant observables of the TM.  
 
The quantitative determination of the CIDEP in these systems is somewhat intricate, as 
there are two polarization mechanisms, a d-type and a p-type TM. After photo-excitation of 
thionine the ISC yields a spin polarized triplet thionine because of a p-type TM. This 
polarization is transferred to the thionine/aniline exciplex, in which then a d-type TM becomes 
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operative. It will be shown that both polarizations are separable by measuring the CIDEP at 
different aniline concentrations. A second obstacle in the analysis of the TREPR results from 
the structure of the EPR spectrum of the semi-reduced thionine radicals, which consists of many 
overlapping lines. In cases like that the time profiles can no longer be analysed by just fitting 
modified Bloch equations to them, as these are valid only for single, fully resolved resonance 
lines. Therefore, a new signal processing technique is developed based on Laplace 
trasformation of the Bloch equations and analysis of the total magnetization, i.e. the EPR 
intensity integrated over the magnetic field. The combined analysis of the CIDEP data with the 
previously measured MEF data has been carried out by U. Steiner [14]  and, therefore, is not 
discussed in this thesis. Only the final results will be briefly discussed in the last section of 
chapter 3. 
 
Parts of the PhD work of the author have already been published [14,15,16]. 
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2 The triplet state of trans-azocumene: experimental study and theoretical 
analysis in terms of the d-type TM of CIDEP. 
 
 
2.1 Literature review  on relevant aspects of the photochemistry of acyclic azoalkanes.  
 
Azoalkanes have been known since 1909 [17] and represent a very wide class of 
compounds which have the general formula:  
N NR R'
 
The dotted line in the formula indicates that the compound may be cyclic or acyclic. The 
distinguishing feature of azoalkanes is, that the nitrogen is bound to saturated carbon. 
Unsaturation may be present elsewhere in the molecule, but such compounds are also classified 
as azoalkanes [18].  
 
Azoalkanes have a variety of applications in chemistry, which are mainly based on the fact 
that azoalkanes are probably the cleanest and most convenient sources of radicals and biradicals 
of nearly any desired structure. The production of radicals or biradicals may occur thermally or 
photochemically under a wide variety of conditions according to the general scheme: 
N NR R' NR R'. .2+ +
 
 
Acyclic azoalkanes are obtained on usual synthetic routes only as trans-isomers. The cis-
azoalkanes are thermally less stable and often effectively decompose at room temperature with 
elimination of nitrogen [19] . The decomposition activation energies are usually much higher 
for the trans-isomers than for the cis-ones. Therefore, the trans-isomers are usually stable at 
room temperature and may be studied directly. The easiest and most effective way to cis-
isomers is the photochemical isomerization if, of course, some necessary conditions are met.  
 
 9
The photochemical properties of azoalkanes are determined by the azo-group, in which the 
two nitrogen atoms are sp2-hybridized and bound with each other by means of one σ- and one 
π- bond. The azo-group of trans-isomers has C2h –symmetry and the azo-group of the cis-ones 
has C2v –symmetry. In the intermediate state, when the rotation angle between the two C-N 
bonds differs from 0 and 180 degree, the symmetry is lowered to just C2 .    
 
 
2.1.1 Direct excitation photochemistry 
 
The dominant electron configurations of the lowest seven states (four singlet and three 
triplet states) of trans-azoalkanes are given below [20]: 
 
S0 :  (n-)2(π)2(n+)2
S1&T1 :  (n-)2(π)2(n+)(π*) 
S2&T3 :  (n-)(π)2(n+)2(π*) 
S3&T2 :  (n-)2(π)(n+)2(π*)                                                                                                     
 
The orbitals n-, π, n+, π* are schematically shown in figure 2.1 
 
R'
R
R'
R
n+ :
n- :
R'
Rπ :
R'
Rπ* :
 
 
Figure 2.1: Schematic orbitals of trans-azoalkanes. 
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Azoalkanes exhibit a typical weak absorbtion band in the 300-400 nm region [21,22]. It has 
been commonly accepted, that this band corresponds to the transition . As one can see, 
in the  transition one electron changes its orbital from n
10 SS →
10 SS → + to π*.  Under C2h-symmetry 
this transition is forbidden, what explains the usually very low absorption coefficient of trans-
isomers. For cis-azoalkanes the absorption is caused by a *n π→−  transition, which is allowed 
under C2v-symmetry. Therefore, the absorption coefficients of cis-isomers are considerably 
larger (typically about ten times) than those of the trans-isomers. 
 
Being in their first excited singlet state, acyclic trans-azoalkanes undergo three main 
chemical processes: 1) dissociation into two radicals with elimination of nitrogen, 2) trans-cis 
isomerization with formation of the cis-isomers, which in turn may decompose thermally, and  
3) return to the starting material, i.e. to the ground state of the trans-isomer.  
 
At low pressures in the gas phase the photodissociation to N2 and alkyl radicals is clearly 
dominating over the other two processes, and the dissociation quantum yield approaches unity. 
At higher pressures and in liquid solutions the isomerization and return to the ground state 
successfully compete with the dissociation and for most of azoalkanes even become the major 
reaction channels. The general reaction scheme of the direct photolysis of acyclic azoalkanes in 
solution is shown in scheme 2.1 [18]. 
 
Up to now there seems to be no clear understanding of all primary processes and 
mechanisms of the photophysics following direct excitation of acyclic azoalkanes. The situation 
is somewhat complicated because of the large variety of different azoalkanes possessing various 
properties and showing different behavior under the same or similar experimental conditions. 
This also explains, that a variety of contradictory conclusions have been drawn about some 
mechanisms in the photophysics of azoalkanes [18]. 
 
Below we will try to summarize those data available in the literature from previous 
investigations, which concern in some way this work  As for the direct photolysis, the main 
questions of our attention will be: 1) what is the time scale of the primary photochemical steps 
shown in scheme 2.1 as compared with the time resolution of our experimental set-ups, 
counting tens of nanoseconds, and 2) what are the typical quantum yields of the radicals 
produced via photo-dissociation and via thermolysis of the cis-isomers.   
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Scheme 2.1 
 
 
In solution all three processes, dissociation, isomerization and return to the ground state are 
competing and, therefore, occur on the same time scale determined by the life time of the 
excited state. Since no fluorescence has ever been seen from any acyclic azoalkane, the return to 
the starting material seems to be caused by radiationless deactivation of the excited state during 
collisions with solvent molecules. The collisions should cause the  trans-cis isomerization as 
well, as the isomerization occurs only in solution or in the gas phase at high pressures. The 
literature is very rich with discussions on the mechanisms and time scales of azoalkane 
decomposition. The failure to observe fluorescence has required the application of numerous 
indirect methods which have led in many cases to obscure and contradictory results. 
Nevertheless, one can conclude from the literature, that the dissociation of the S1-state is a very 
fast process as compared with our experimental time resolution. It probably occurs on the 
picosecond or even on the femtosecond time scale. Recently, Zewail and co-workers have 
studied the photo-decomposition of azomethane in the gas phase and came to the conclusion, 
that the dissociation proceeds in two steps corresponding to the consecutive breaking of the two 
C-N bonds within 100 fs [23]. Another evidence for the fastness of the dissociation processes of 
excited azoalkanes comes from  picosecond laser flash photolysis studies of trans-AC, where 
the cumyl radical formation was found to occur faster than the time resolution of the 
experiment, which was determined by the laser pulse width of about 10 ps [24]. 
 
As compared with isomerization, decomposition or radiationless deactivation following the 
excitation into the 1(nπ*) state, the process of thermolysis of the unstable cis-isomers is a much 
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slower process.  The life times of the cis-isomers are strongly dependent on their chemical 
structure and may vary from sub-microseconds to practically infinite values for stable cis-
isomers [18]. Concerning our work we are particularly interested to know the thermolysis rate 
of cis-azocumene (cAC). The values 5 μs and 12 μs were reported in cyclopentane [25] and in 
heptane [26], respectively. This time interferes with time range of our study (10-7-10-5 s). 
Therefore, the thermolysis of the unstable cis-isomer of AC has to be considered as a time 
dependent process.   
 
Finally, the radicals formed via both reaction channels react with each other with a diffusion 
controlled  rate constant, which for radical reactions in solution is typically in the range between   
about 108 - 1010 M-1s-1 depending on the viscosity of the solvent [27]. The radical reaction may 
include both recombination and disproportionation, whose relative yields are of no importance 
for our study.  
 
The quantum yields of trans-cis isomerization and decomposition may take very different 
values for different azoalkanes. The nitrogen quantum yield 
2NΦ  varies from almost zero to up 
to 0.5 [18]. The compounds at the upper limit of this range mainly photo-isomerize to thermally 
unstable isomers, what causes a higher nitrogen yield. However, some nitrogen may always 
originate from direct dissociation of the excited state. This is apparent as some azoalkanes 
exhibit a nonzero  even though their cis-isomers are absolutely stable at the temperature 
employed. For example, azoisopropane shows a nitrogen yield of about 0.02 at 25 °C in 
isooctane [
2NΦ
28]. The available literature data clearly show that both channels of azoalkane 
dissociation, direct cleavage and via isomerization, may have comparable values of quantum 
yields and must both be considered in any acceptable mechanism of azoalkane photochemistry. 
 
Regarding this work, one may conclude that under light excitation of azoalkanes, one part of 
the excited molecules either decompose into two radicals and free nitrogen or deactivate to their 
ground states, and the other part may isomerize and dissociate further on a time scale which 
may or may not lie in the time range 10-7 - 10-5 s of our experiments. Both reaction paths may 
occur with significant quantum yields . The subsequent radical termination occurs with a rate 
governed by the diffusion-controlled rate constant and by the initial radical concentration, 
which strongly depends on the experimental conditions (e.g. the absorbed light energy or the 
irradiated volume). 
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2.1.2 Triplet-sensitized photochemisty and the triplet state 
 
The triplet energy transfer to azoalkanes is known to be an effective process under the 
necessary condition, of course, that the triplet state of the donor lies energetically above the 
triplet state of the azoalkane [18,29,30,31]. The main primary reaction steps after the triplet 
excitation are generally the same as for direct photolysis [18] (see scheme 2.2). 
 
 
R
N N
R' 3(RN2R') N N
R'R
R  +  R' + N2
+3S *
Products
 
 
Scheme 2.2 
 
 
In spite of the fact that the reaction channels are the same, the photochemistry after triplet-
sensitization and the direct photolysis via the excited singlet state reveal one essential 
difference. The total nitrogen quantum yield in solution (composed of both contributions, direct 
cleavage and thermal decomposition after isomerization)  turns out to be much lower for the 
triplet-sensitized decomposition. It usually does not exceed 0.1-0.15. For example, in the case 
of R = R’ = EtOOCCMe2 , the yield of N2 formation is 0.42 for the direct photolysis in solution 
and only 0.06 for the triplet-sensitized decomposition [30]. For AIBN the quantum yields are 
0.44 and 0.1, respectively [30].  
 
The majority of the triplet excited molecules return to the ground state by radiationless 
deactivation. This intersystem crossing process is obviously unusually fast for azoalkanes. 
Quantum chemical calculations of simple azoalkanes suggest as a reason for it, that the potential 
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surface of the first excited triplet state 3(n+π) crosses that one of the ground state at nuclear 
configurations, which are located near the potential minimum of the 3(n+π) state [20,32,33]. 
According to the literature data [18] it seems that the decomposition into radicals can compete 
with this fast ISC only if the radicals gain some stabilization energy, as it is the case for e.g. the 
compounds 1, 2, 3, 4 (AIBN) [34].    
 
N
N
1
N
N
2
 
 
 
N
N
3
COOEt
COOEt N
N
4
CN
CN
 
 
Despite the fact that the photochemistry of azoalkanes has been intensively studied, nearly 
nothing is known about their triplet state. Today’s fast spectroscopic techniques are difficult to 
apply, because the triplet state can be populated only rather slowly via a triplet quenching 
reaction, and phosphorescence from this state is completely absent. Thus, up to now the only 
experimental knowledge is: a) azoalkanes possess a triplet state at 218 – 234 kJ/mole above the 
ground state [31,35] and b) this state is short-lived and, in some cases, decomposes with low 
quantum yield into radicals and nitrogen. No quantitative data are known concerning the time 
scales of the primary processes shown in scheme 2.2.  
 
Recently it has been found that the radicals stemming from the decomposition of triplet 
azoalkanes carry an emissive electron spin polarization, which was tentatively attributed to a d-
type TM [13]. In the following it will be shown that this interpretation is correct, and that the 
effect can be exploited to obtain the first quantitative kinetic and spectroscopic data for an 
azoalkane triplet state. The quenching of the triplet state of 1-nitronaphthalene (1-NN) by 
azocumene (AC) is used as chemical system. 
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2.2 The chemical system   
 
C
CH3
CH3
N N C
CH3
CH3
AC:
NO2
1-NN :
 
 
Azocumene (AC) and 1-nitronaphthalene (1-NN) as sensitizer were found to be a very 
suitable chemical system for an experimental and theoretical study of the d-type TM. 
 
1-Nitronaphthalene seems to be an almost ideal triplet sensitizer for our purposes, because: 
1) Being excited in its first excited singlet state 1-NN undergoes fast and efficient ISC with a 
quantum yield of 0.63 [36] and a rate of about 1011 s-1 in non-polar solvents [37,38]. This 
ISC rate is much larger than the rate of quenching by AC expected under our experimental 
conditions (less than 109 s-1). Therefore, any contribution of singlet energy transfer will be 
negligible (azoalkanes are also efficient singlet quenchers!). The high quantum yield of 
triplets may be of critical importance for our investigation, as the triplet decomposition of 
AC is a rather inefficient process and an only low radical yield has to be expected.  
 
2) The triplet state of 1-NN is rather persistent to photochemical reactions [39,40] and lives 
sufficiently long to be successfully quenched by AC at reasonable concentrations of AC. In 
this work we have found that  the life time of the triplet state, being dependent on the 
solvent, was longer than 0.5 μs for the solvents used in our study, whereas the inverse 
quenching rate could be easily varied in the range 60 ns – 2 μs. 
 
3) Despite some emissive p-type TM polarization of the 1-NN triplet is expected from its 
known zero field tensor components  ( Dzfs = 85.5 mT and Ezfs = -5.1 mT ) and ISC rates 
(X:Y:Z = 0:0.55:0.45) [41], no polarization transfer to triplet AC was found (see section 
2.4.5). This is in accord with the conclusion drawn previously by Tarassov, who checked an 
eventual polarization transfer from 1-NN triplets to a persistent nitroxide radical and did not 
find any perceptible transfer [42]. 
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The UV absorption of 1-NN was found to be slightly dependent on the solvent. It is shown 
in figure 2.2 for a heptane and benzene solution. Within the different alkane solvents the spectra 
were practically identical, and very small differences have been neglected.  
 
250 300 350 400
0
5000
10000
ε [
M
-1
cm
-1
]
Wavelength [nm]
 
Figure 2.2: UV absorption spectrum of 1-NN ground state in benzene (solid line) and 
heptane (dotted line). 
 
 
The main requirements for the azoalkane quencher were: 
 
1) The azoalkane should be symmetric, because decomposition of an asymmetric one would 
yield two different kinds of radicals, what would complicate appreciably the quantitative 
analysis of the experimental data..  
 
2) The radicals produced via the azoalkane decomposition should be suitable for both LFP and 
TREPR experiments.   
 
Azocumene meets these requirements. It is symmetric and decomposes into nitrogene and two 
cumyl radicals. Because of their narrow resonances cumyl radicals are well detectable by EPR 
spectroscopy, although the EPR intensity is distributed over many hyperfine lines. They are also 
well detectable by optical absorption spectroscopy. Due to the conjugation of the unpaired 
electron into the phenyl ring cumyl radicals possess a strong optical absorption band (εmax ≈ 
4500 M-1⋅cm-1) band in the wavelength region 320-330 nm [43,44]. There the absorption 
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coefficient of the AC ground state is less than 15 M-1 cm-1 (see figure 2.3), so that there will be 
no difficulties with an overlap of AC depletion and radical appearance. Other alkyl radicals like 
t.butyl or 2-propyl are much less suitable for our purposes, because they have only weak optical 
absorption bands at reasonable wavelengths (λ ≥ 250 nm) [45]. 
250 300 350 400 450
0
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100
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-1
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Figure 2.3: UV absorption spectrum of AC ground state in heptane. 
 
 
Probably as additional advantage of AC may be considered its bulky structure. This slows 
down the process of rotational diffusion in solution, which tends to destroy the observable 
effects (MFE and polarization). 
 
Table 2.1: Solvents and their viscosities. 
   1)η [10-3 Pa⋅s] 
Pentane 0.21 
Heptane 0.41 
Benzene 0.67 
Nonane 0.71 
Dodecane 1.50 
Hexadecane 3.32 
Squalane:Heptane (4:1vol.) 8.32 
Squalane 32.4 
Paraffin oil 106.7 
1) Taken from reference [26] 
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To perform investigations in a wide range of viscosities, we have used as solvents benzene 
and eight alkanes, which are listed in table 2.1 together with their viscosities at room 
temperature. Trans-azocumene was synthesized from cumylamine using the method described 
by Stowell for 2,2’-azobisisobutane [46]. Its purity was checked by NMR and HPLC and 
estimated to be better than 98%. Cumylamine was prepared according to the prescription given 
in [47]. 1-nitronaphthalene and all solvents were purchased from FLUKA or ALDRICH in their 
purest commercially available forms and were used without further purification. 
 
 
2.3 Study with time-resolved optical absorption spectroscopy   
 
2.3.1 Experimental part 
 
The experimental arrangement for time-resolved optical absorption measurements after laser 
flash photolytic generation of transients has been described in detail previously [48] and is 
shown in figure 2.4. The set-up is built similarly as others described in the literature [49,50,51], 
but it possesses one special  feature. The quartz cuvette containing the sample solution is placed 
in the center between two poles of a Varian EM 500 electromagnet, so that measurements can 
be carried out in static magnetic fields ranging from 0.02 T (residual field) to about 4T. This is 
practically realized by making the exciting and the probing light beams almost parallel (the 
angle between the two beams is about 2.5 °), whereas the commonly used geometry for LFP 
measurements is the perpendicular arrangement of the beams. A frequency-tripled Nd-YAG 
laser was used as exciting light source, producing 10 ns light pulses at 355 nm with 10 Hz 
repetition rate.  
 
For the 1-NN concentration we used (1.2 mM). The saturation of the signal was found to start at 
pulse energies exceeding 6-7 mJ. Therefore, an attenuation to about 6.4 mJ was applied for all 
measurements. All solutions were deoxygenated by purging with helium for about 1 hour and 
then pumped in continuous flow (flow rate 10 cm3/h) through a flat quartz cell (2 mm optical 
path length). To avoid temperature fluctuation in the irradiated volume (caused by the closeness 
of the cell to the magnet poles) the cell was blown on by air of room temperature.  
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Figure 2.4: Block diagram of the LFP optical spectrometer (C−Cell, PM−photomultiplier, 
S1,S2 −shutters, F1,F2−optical filters).  
 
 
2.3.2 Optical spectra of cumyl radical and triplet 1-nitronaphthalene 
 
In order to determine quantitatively the fraction of 3AC which, after formation via 
quenching of 3(1-NN), cleaves into cumyl radicals, one has to measure the concentration of 
initially formed 3AC molecules and the concentration of cumyl radicals, which are generated 
from them. Doing that with optical absorption spectroscopy requires knowledge of the 
absorption coefficients ε(λ) of the cumyl radicals as well as the 3(1-NN) species (3AC escapes 
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direct optical observation because of its very short life time). Therefore, the optical absorption 
spectra of 3(1-NN) and the cumyl radical have been taken after laser irradiation of heptane 
solutions containing 1-NN (0.4 mM) and AC (100 mM), respectively. The results are given in 
figure 2.5. Primarily the experiments yielded only the optical densities OD(λ) of the transient 
species. For the cumyl radicals (figure 2.5 b) OD(λ) was scaled to ε(λ) by adopting the 
literature value ε ≈ 4500 M-1cm-1 for the absorption maximum [43,44], which we found at λ = 
329 nm, slightly higher than the literature information (λ ≈ 320-322 nm). For 3(1-NN) (figure 
2.5a) the optical density immediately after laser pulse excitation, ODT(0), was converted to ε 
via 
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Figure 2.5: Optical spectra of: (a) the triplet-triplet absorption of 1-NN and (b) the 
absorption of cumyl radicals averaged over the time interval 100-600 ns after the laser flash. 
 
 
The optical density OD of ground state 1-NN was known and the quantum yield Φ = 0.63 
could be taken from the literature [36]. ODT(0) was extracted by fitting the experimentally 
measured time-profiles ODT(t) with a single exponential decay (the triplet concentrations in 
these experiments, 10-5 - 10-6 M, were low enough to neglect triplet-triplet annihilation, and at λ 
> 450 nm there is no overlapping absorption of ground-state 1-NN). The ratio of irradiated 
volume V to average laser pulse energy EL was determined by actinometry using as an 
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actinometer the photolysis of di-t.butyl ketone in heptane [49] (the rate constant for t.butyl 
radical self-termination in heptane was taken as 7.9⋅109 M-1s-1 [52]). 
 
 
2.3.3 Quenching of triplet 1-nitronaphthalene by azocumene  
 
For studying the kinetics of the 3(1-NN) decay λ = 580 nm was chosen as wavelength of 
detection. It is reasonably close to the absorption maximum of 3(1-NN), and neither the cumyl 
radical nor AC and ground state 1-NN absorb at this wavelength. Thus the time-profiles of the 
OD at 580 nm (OD580) must reflect the kinetics of 3(1-NN). 
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Figure 2.6: Dependence on time of the optical density at 580 nm after LFP of paraffin oil 
solutions containing 1.2 mM 1-NN (1) and, in addition, 4.5 mM (2), 16.5 mM (3) azocumene. 
 
 
Figure 2.6 shows as an example the time dependencies of OD580 obtained for solutions of 1-
NN (1.2 mM) in paraffin oil containing three different AC concentrations. The decay kinetics is 
determined by three factors: the rate of triplet quenching by azocumene, the rate of triplet-triplet 
annihilation, and the residual life time of 3(1-NN). Thus, the rate equation for the triplet 
concentration reads  
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with τ0 being the residual triplet life time and kQ and kTT the rate constants of quenching and 
triplet-triplet annihilation, respectively. Integration and multiplication with the absorption 
coefficient at 580 nm yields 
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where [T]0 is the initial triplet concentration and 1/τ = kQ[AC] + 1/τ0 represents the rate of the 
first order decay. To avoid many parameter fitting in the analysis of the triplet kinetics, each 
time-profile was divided into a short- and a long-time part. Triplet-triplet annihilation, being a 
second order reaction, does not contribute noticeably in the long-time part of the time-profiles, 
where the triplet concentration is 5-10 times smaller than at the beginning. Thus, this part can 
be described by a single exponential decay with life time τ, i.e. 
 
( ) [ ] [ ]0TT
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−
                                                                                          (2.2) 
 
Fitting the long-time part of the time-profile by equation (2.2) yielded the parameter τ, 
which was  then kept fixed  in  a  subsequent fit  of equation  (2.1)  to  the whole curve, with  
ε580 = 3240 M-1cm-1 and kTT and [T]0 being two variable parameters. The fitting procedure is 
illustrated in figure 2.7. For all time-profiles excellent agreements of fitted and experimental 
curves could be reached. 
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Figure 2.7:  Solid noisy line represents the experimental time-profile and the dashed one is 
its simulation at times over 1μs by equation (2.2) with parameter τ = 709 n. Points are the 
simulation of the whole time-profile by equation (2.1) with [T]0 = 3.2⋅10-4 M and kTT = 7.6⋅109 
M-1s-1. 
 
 
Finally, the quenching rate kQ and the residual life time of 3(1-NN) were extracted from 
slope and intercept of linear plots of 1/τ = 1/τ0 + kQ[AC] versus the quencher concentration 
[AC] as shown in figure 2.8. 
 
The results obtained for the rate constants of the triplet-triplet annihilation and the 
quenching process are depicted in figure 2.9a and b (for the values of 0τ see below table 2.3). 
As expected, the rate constant of triplet-triplet annihilation is in the order of magnitude of 109 
M-1s-1 and varies proportionally to η-1, indicating this reaction to be a diffusion controlled 
process. The dependence of the quenching rate kQ on 1/η is clearly non-linear, approaching 
diffusion controlled values at high viscosities but staying clearly below that limit at low 
viscosities. This observation is in full accord with results of previous work, which has also 
found the rate of quenching by azoalkanes with bulky substituents to be considerably 
diminished, probably because of steric hindrance [31].  
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Figure 2.8: Dependencies of the extracted parameter 
τ
1  on the AC concentration for three 
chosen solvents (points) and their linear fits (lines). 
 
 
In order to validate this interpretation of the viscosity dependence of the quenching constant 
we will follow a common scheme for energy transfer processes in solution [53]:  
 
 
S   +   Q
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k-d
[S  Q] S  +  Q* * *
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The result of this model is the following equation for the observed quenching constant: 
 
det
etd
q kk
kk
k
−+
=                                                                                                                    (2.3) 
 
Assuming for estimation as, in [53], that  k-d ≈ kd⋅4 M and kd ∝ η-1 (i.е. η=
Ckd ),  equation 
(2.3) can be rewritten as: 
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Figure 2.9: Points represent the dependence on viscosity of the calculated rate constants of 
(a) the triplet-triplet annihilation of  3(1-NN) and (b) the quenching of 3(1-NN)  by azocumene. 
Lines designate (a) a linear fit assuming the triplet-triplet annihilation to be diffusion-
controlled, and  (b) a two parameter fit by equation (2.4) (see text). 
 
 
The result of fitting equation (2.4) to the experimental dependence kq(η) (see figure 2.9b) 
yields for the energy transfer process and the diffusional collision, respectively, the rate 
constants  
 
ket ≈ 4⋅109 s-1  and  kd ≈ η
⋅ −− cPsM106.1 1110 . 
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As expected, the value of kd is close to the diffusion-controlled limit and of the same order 
as the kd value, which with a similar analysis has been determined for the quenching of triplet 
valerophenone with 2,5-dimethyl-2,4-hexadiene [53]. From this agreement and the fact, that the 
experimental dependence kq(η) is well described by relation (2.4), we conclude that our kq 
values are correctly determined. The rather low value of ket is probably caused, as has already 
been mentioned, by the bulky structure of AC hindering orbital overlap between donor and 
acceptor, which is required for the energy transfer to occur. 
 
Finally, it is pointed out that all the measurements of rate constants of quenching and triplet-
triplet annihilation were performed at a magnetic field of 0.02 T, caused by the residual 
magnetization of the magnet poles in the experimental set-up. In order to test a possible 
influence of magnetic fields on the decay kinetics of 3(1-NN), several control experiments were 
carried out at high magnetic field strength (2.94 T). No visible changes in the time-profiles were 
observed, indicating that eventual effects of a magnetic field on the kinetics of 3(1-NN) were 
small enough to be neglected. 
 
 
2.3.4 Quantum yield of cumyl radicals and magnetic field effect 
 
In order to obtain quantitative information about the quantum yield of cumyl radicals and its 
dependence on an external magnetic field, the dependence on time of the optical density at 329 
nm was  measured  for  magnetic fields  between 0.02 and  2.94 T, using solutions of 1.2 mM  
1-NN and 4.5 mM AC in various alkanes and benzene. The time-profiles obtained in paraffin 
oil at minimum (0.02 T) and maximum (2.94 T) magnetic field are given, as an example, in 
figure 2.10. λ = 329 nm corresponds to the absorption maximum of the cumyl radicals, but both 
ground-state 1-NN as well as its excited triplet also have strong absorption bands at this 
wavelength. At sufficiently high AC concentrations the quenching of 1-NN proceeds much 
faster than the self-termination of the cumyl radicals. Thus, already during the laser flash the 
total optical density of the solution is lowered because of depletion of 1-NN and formation of 
some 3(1-NN). 
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Figure 2.10: Time dependence of the optical density at 329 nm recorded at low and high 
magnetic field. Points represent their simulations by equation 2.5 with parameters: [R]∞ = 
1.4⋅10-5 M, τ = 570 ns for B =0.02 T, and [R]∞ = 8.02⋅10-6 M, τ = 590 ns for B =2.94 T 
respectively. 
 
 
Afterwards, the change of the optical density on the short-time scale is strongly influenced 
by the 3(1-NN) decay kinetics, and only finally on the long-time scale, where the triplet 
concentration vanishes, the transient absorption is determined almost exclusively by the 
absorption of the radicals. Only there, the optical density measures the amount of cumyl 
radicals, which were generated. However, part of them turned out to have been initiated via 
direct photolysis of AC. Despite the fact that the optical density of AC at the excitation 
wavelength ( ) was much lower than that of 1-NN ( ), the 
contribution of direct photolysis of AC to the total quantity of radicals amounted to about 10-
15% in low viscous solvents. This noticeable contribution is explainable by the lower quantum 
yield of radical production from 
035.0ODAC355 ≈ 75.0OD NN1355 ≈−
3(1-NN) as compared with the direct photolysis. For 
quantitative estimations of the contribution of the direct photolysis, time-profiles obtained for 
solutions containing  the  same  AC concentration, but no 1-NN, were measured and analysed. 
The profiles were fitted by a simple constant function and the values extracted were then 
corrected by multiplying with  ( ) ⎟⎠⎞⎜⎝⎛ −⋅+
⎟⎠
⎞⎜⎝
⎛ −⋅
−−
−− −
AC
355
NN1
355
AC
355
ODNN1
355
AC
355
ODODAC
355
101ODOD
101OD
, taking into account the 
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difference of light absorption by AC in the presence and absence of 1-NN in the solution. The 
estimated contributions of the direct photolysis ODDrPh are collected in table 2.2. With 
increasing viscosity the influence of the direct photolysis decreased by a factor of about 3-5 
because of the decrease of the radical quantum yield via direct photolysis in more viscous 
solvents, due to the so called “cage effect” [54]. This decrease is in agreement with literature 
data concerning the “cage effect” for AC [55]. 
 
Table 2.2 Corrections of OD329 due to the 
direct photolysis of azocumene. 
 ODDrPh⋅103
Heptane 1.8 
Benzene 1.45 
Nonane 1.55 
Dodecane 1.6 
Hexadecane 1.3 
Squalane:Heptane (4:1 vol.) 1.1 
Squalane 0.6 
Paraffin oil 0.4 
 
 
 
 
Taking into account these corrections regarding the direct photolysis, the curves depicted in 
figure 2.10 were fitted using the equation: 
 
( ) ( ) ( ) DrPhNN1R329 ODtODtODtOD +Δ+= −                                                                  (2.5) 
 
where  is the constant contribution of the direct photolysis (see table 2.2), DrPhOD
( ) ( ) [ ] R329/tR Re1tOD ε⋅⋅−= ∞τ−  the optical density of the radicals formed by triplet-
sensitization, and ( ) ( ) τ−−− ⋅=Δ=Δ /tNN1NN1 e0tODtOD  the total change of the optical density 
due to excitation of ground-state 1-NN to its triplet state 3(1-NN). Variable parameters of the 
fits were [R]∞ , and τ . The parameter [R]( 0tOD NN1 =Δ − ) ∞ is determined mainly by the level 
of the plateau, which the experimental curves reach at longer times. It depends only weakly on 
the values of the two other parameters. For this reason it was possible to extract [R]∞ by using 
an approximate simple exponential decay for 3(1-NN). This simplification did not affect the 
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accuracy of the [R]∞ analysis. Firstly, [R]∞ is very insensitive to changes in the short-time part 
of the curve, and secondly, even in low viscous solvents the contribution of the triplet-triplet 
annihilation to the decay of  3(1-NN) is only marginal. 
 
It should be noted here, that in equation (2.5) we did not take into account the possible 
contribution of trans-cis isomerization, which may also be a radical source as the produced cis-
isomer is thermally unstable. The life time of cis-AC lies in the range of 5 - 12 μs [25,26], what 
is much longer than the quenching time of 1-NN (about 0.4 - 0.5 μs). Therefore, trans-cis 
isomerisation, followed by decomposition of the cis-isomer would yield a slow rise of the 
cumyl radical absorption on the time scale 5 - 12 μs. This was not really observed (see figure 
2.10). Attempts to simulate the time-profiles on a longer time scale, taking into account 
isomerization, showed that its contribution is insignificant (less than 10-15 % of the radical 
yield). 
 
From [R]∞ the magnetic field effect MFE(B) on the radical production was calculated according 
to MFE(B) = {[R]∞(B) – [R]∞(0.02 T)} / [R]∞(0.02 T). In addition, the radical “quantum yield” 
ΦR was determined, i.e. the average number of cumyl radicals, which are generated per one 3AC 
molecule or per one 3(1-NN) molecule quenched by AC. Taking into account all channels of the 
3(1-NN) decay (triplet-triplet annihilation, quenching by AC, and residual decay rate) the 
fraction ξ of triplets quenched by AC is 
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and, therefore, the yield of radical production per 3AC molecule reads 
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 The magnetic field effect on the radical formation in various solvents is plotted in figure 
2.11 versus the external field B. Characteristic feature of the MFE(B) is a pronounced change in 
the low-field region only, approaching a plateau with a maximum absolute MFE at magnetic 
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fields B > 1 T. The maximum value, MFEmax, obviously depends on the viscosity of the 
solution. 
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Figure 2.11: Magnetic field dependencies of the magnetic field effect measured in: heptane (Ο ), 
nonane ( ) , benzene (× ), dodecane (> ∇ ), hexadecane (+), squalane:heptane (4:1 vol.) mixture 
( ), squalane ( ) and paraffin oil (⊕ ). Δ ◊
 
 
This dependence is given in figure 2.12a (for MFEmax we have taken the average of the high-
field values at 1.82 and 2.94 T). MFEmax sharply decreases with viscosity until η ≈ 30 cP and 
then levels off at a value MFEmax = -43% in squalane and parrafin oil. Figure 2.12b shows the 
dependence on viscosity of the radical quantum yield ΦR, calculated according to equation (2.6) 
for the minimum magnetic field 0.02 T. ΦR also levels off at high viscosities and shows a sharp 
decrease at low ones. 
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Figure 2.12: Dependence on viscosity of: (a) the maximum magnetic field effect and (b) the 
cumyl radical yield per quenched triplet 1-NN. 
 
 
2.4 Study with time-resolved EPR spectroscopy 
 
2.4.1 Experimental part 
 
Cumyl radicals were generated by laser flash photolysis (Nd-YAG laser, λ = 355 nm, 10 ns 
pulse width, or XeCl excimer laser, λ = 308 nm, 15 ns pulse width) of benzene or alkane 
solutions containing different concentrations of 1-NN and AC. They were detected at 
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microwave powers in the range 0.3 - 20 mW using a cw-EPR spectrometer without field 
modulation (response time about 100 ns). The details of the set-up shown in figure 2.13 have  
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Figure 2.13: Block diagram of the TREPR spectrometer. 
 
 
been described previously [56]. All solutions were deoxygenated in the same way as it was 
done in the case of the optical absorption experiments. The flat cell in the EPR cavity had an 
optical path length of 0.7 mm, a flow rate of 10 cm3/h was chosen. The laser pulse energy was 
kept below 5 mJ, so that the depletion of the solutions (all contained about the same 1-NN 
concentration of 2.1 mM) due to irradiation was negligibly small (checked by UV absorption 
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spectroscopy before and after irradiation). The sensitivity factor of the spectrometer (which is 
just the proportionality coefficient between the v-magnetization, measured in units of 
Boltzmann polarized spins, and the observed TREPR signal measured in volts) was estimated 
from previous work [26] to be about 1.2⋅109 V/mole. All measurements were performed at room 
temperature. 
 
 
2.4.2 TREPR spectrum of cumyl radicals after triplet-sensitized photolysis of azocumene  
 
Figure 2.14 shows the EPR spectrum which is observed about 3 μs after laser flash 
irradiation at λ = 355 nm of a benzene solution containing 1-NN (2.1 mM) and AC (7.5 mM). 
According to its hyperfine pattern and phase it has to be attributed unequivocally to an 
ensemble of cumyl  radicals, which is spin polarized in emission. Under the conditions of the  
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Figure 2.14: TREPR spectrum of cumyl radicals recorded 3 μs after triplet-sensitized 
photolysis of azocumene in benzene. The high- and low-field resonance lines under study are 
marked by arrows. A/E designate absorption and emission, respectively.    
 
experiment, the species can not stem from a direct photolysis of AC. Firstly, the direct 
photolysis of azoalkanes occurs from their excited singlet state and, therefore, leads to TREPR 
spectra, which initially exhibit a spin polarization with enhanced absorption on the low-field 
and emission on the high-field site [57]. Secondly, at 355 nm the absorption coefficients of 1-
NN and AC are 3200 M-1cm-1 and 40 M-1cm-1, respectively. Thus, nearly all the light is 
absorbed primarily by 1-NN, which is known to undergo fast ISC within about 10 ps to its 
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triplet state 3(1-NN) [37,38]. Quenching of 3(1-NN) by AC then leads to 3AC, which partially 
cleaves into cumyl radicals and N2.  
 
Regarding the observed emissive CIDEP of the cumyl radical ensemble three sources are 
conceivable. Firstly, 3(1-NN) might be spin polarized by the p-type TM and transfer this 
polarization via 3AC to the radicals. However, this source can be excluded, as the radical 
polarization turns out to be independent of the AC concentration, i.e. the rate of quenching (vide 
infra). Moreover, previous quenching experiments of 3(1-NN) with TEMPO radicals have given 
no indication of any p-type TM polarization of 3(1-NN) [42]. Secondly, the CIDEP might be 
due to the radical-triplet pair mechanism (RTPM) [58,59], i.e. it might be generated in 
diffusional collisions of the cumyl radicals with 3(1-NN) or 3AC. This is also very unlikely, 
because the life times of both triplets are rather short in comparison with the time needed for 
diffusional radical-triplet collisions at the low concentrations of both species. Thus, all 
experimental features point to the third possibility, namely the existence of a d-type TM in 3AC, 
i.e. a cleavage into radicals competing with a fast state selective ISC 3AC→AC to the ground 
state, as it has been observed previously also for the triplet state of AIBN [13,26,60]. If this 
interpretation is correct, then the cumyl radical yield must depend on the magnetic field strength 
and that is what we have been observing above using LFP with optical absorption spectroscopy. 
 
In  order  to  obtain  quantitative  information  about the electron spin polarization  in  the  
1-NN/AC system one has to measure the magnetization of the cumyl radicals in dependence on 
time. These time-profiles of the EPR signals may then be analysed with Bloch equations, which 
describe the evolution of the magnetization vector with time. To do so, the usual Bloch 
equations have to be modified to account for all processes influencing the dynamics of the 
magnetization, like e.g. generation of CIDEP, chemical reactions, and spin exchange [61,62]. 
In addition it has to be kept in mind, that the usual Bloch equations are valid only for single 
resonance lines, well separated from neighboring lines.  
 
In the spectrum given in figure 2.14 two resonance lines are marked with arrows. They have 
been used to measure and analyse quantitatively the magnetization in dependence on time. 
These two lines are separated well enough from neighboring resonances to allow an analysis via 
Bloch equations. In addition, these two lines are positioned symmetrical to the center of the 
spectrum. This will be of importance for the separation of the net emissive polarization of the 
radical ensemble from a superimposed weak emission/absorption multiplet type polarization 
(note that from the two marked resonance lines the low-field one carries a little bit more 
 35
emission than the high-field one because of the superimposed multiplet polarization). The 
additional emission/absorption type polarization is generated by the well known Radical Pair 
Mechanism (RPM) [63,64] in pairs consisting of two cumyl radicals, which are formed at the 
radical initiation stage (geminate pairs) and later on in free diffusional encounters (F-pairs). 
 
 
2.4.3 The Bloch equations  
 
The most important processes which determine the time behavior of the magnetization 
vector originating from an ensemble of polarized cumyl radicals are: 1) generation of the 
magnetization due to production of non-thermally polarized radicals during the triplet 
decomposition of AC, 2) interaction of the magnetization with the external static and 
microwave magnetic fields, 3) longitudinal and transversal relaxations of the polarization, 4) 
spin exchange between the radicals of the ensemble, and 5) formation of F-pair polarization 
resulting from the RPM in free diffusional encounter pairs of two cumyl radicals. The second 
and third  process is described by the well known Bloch equations [65]. In order to account for 
the last two processes (4 and 5) we will supplement the Bloch equations with the same 
additional terms as it was done in [66]. And finally, the rate of the generation of magnetization 
is determined by the quenching rate of  3(1-NN) by AC as well as by the decomposition rate of  
3AC. The decay of  3AC into two radicals occurs on the sub-nanosecond time scale. This is 
orders of magnitude faster than all other processes. Therefore, for simplicity the decay of 3AC 
will be considered as instantaneous. The quenching rate depends directly on the quencher 
concentration. For the concentrations used in our experiments quenching occurred within times 
ranging from tens of nanoseconds to about one microsecond, i.e. the quenching rate was in the 
order of magnitude of the rates of the other processes. Thus, the process of generation of 
magnetization we will have to describe by including in the equation for the z-magnetization of 
the line i an additional term: [ ][TACkPPxM
dt
d
QReq
i
i
i
z Φ= ]. Here, xi is the statistical weight of 
the line under study, Pi is the polarization of the generated radicals, measured in units of the 
Boltzmann polarization Peq ,  is the quantum yield of the radicals per one excited triplet of 
AC,  k
RΦ
Q is the rate constant of triplet quenching by AC molecules in their ground state,  [AC] is 
the quencher concentration, and [T] is the concentration of  3(1-NN).  
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Summarizing all the above discussion and using the same notation as in [66] we can write 
the modified Bloch equations for the on-resonance case (i.e. the microwave frequency coincides 
with the resonant frequency of the transition i) :  
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with initial conditions: , ( ) 00tvi == ( ) 00tMiz ==  
 
 and the additional equations for  [R] and  : totzM
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These equations are pretty complicated and contain a large amount of unknown parameters, 
what makes the analysis very difficult and aggravates the quality with which the unknown 
parameters can be determined. Thus, it turned out to be very convenient to choose such 
experimental conditions for which the influence of some of the unknown values becomes 
negligible. The terms in the equations which describe the generation of magnetization in F-pairs 
and the spin exchange are proportional to the square of the radical concentration in solution. At 
sufficiently small laser pulse energies these terms become negligibly small. If in addition the 
initial radical polarization is much larger than Peq (what is the case in our chemical system), the 
exclusion of the term
[ ]
1
eq
T
RP
 , which contains the equilibrium polarization, from the equations 
does not practically influence the quality of the analysis. In this case the equations can be 
written in the much simpler form: 
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The magnitude of the concentration [AC] remains almost constant, because only a small portion 
of the AC molecules are excited in comparison with the initial concentration. Therefore, we 
need only one additional rate law for the 3(1-NN) concentration [T], which reads 
 
[ ] [ ] [ ] [TACk1TkT
dt
d
Q
0
2
TT ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +τ−−= ]                                                                               (2.8) 
 
where  is the rate constant of triplet-triplet annihilation  and TTk 0τ  the  residual life time  of 
3(1-NN) in the absence of the quencher. The solution of the equation (2.8) with initial condition 
[T](t=0) = [T]0 is the expression: 
 
[ ] [ ]
[ ] 1e1Tk
eT
T
t
0TT
t
0
+⎟⎟⎠
⎞
⎜⎜⎝
⎛ −⋅⋅⋅τ
⋅=
τ−
τ−
                                                                                         (2.9) 
 
where [ACk11 Q
0
+τ=τ ] represents the effective first order decay rate constant. The time-
profile of the function (2.9) depends on the unknown parameter [T]0 , the accurate estimation of 
which is very difficult. Additionally, due to the fact that we do not know the profile of the 
intensity distribution across the laser beam, which is more or less inhomogeneous, the Bloch 
equations written for different places of the irradiated volume have to contain different time 
functions [T](t), what makes any correct analysis practically impossible.  Thus, it is very 
convenient to choose experimental conditions for which the influence of the second order 
kinetics becomes negligible, i.e. [ ] τ<<
1Tk 0TT . In this case the expression (2.9) can be 
simplified and the time-profile of [T] becomes independent of the parameter [T]0 : 
 
[ ] [ ] τ−⋅= t0 eTT                                                                                                                         (2.10) 
 
Since we have to separate quantitatively the multiplet and the net polarizations, it is very 
suitable to analyse the sum and the difference of the two symmetrically placed lines in the 
spectrum (see the marked lines in figure 2.14). Let i and j to be such lines. Then, introducing the 
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assignments: j , , i vvv ±=± jzizz MMM ±=± iji x2xxx =+= ,  2
PPP
ji ±=±  , and also 
putting (2.10) into (2.7) it is easy to obtain the equations for the sum and difference of the 
magnetizations of the lines: 
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with the initial conditions:  , ( )0tv =± ( ) 00tM z ==±  
 
Here P+ and P- have the meaning of the net and multiplet constituents of the total polarization 
PPi, respectively. 
 
 
2.4.4 Analytical solutions of the Bloch equations 
 
The equation (2.11) is a first order linear differential equation. Its solution can be easily 
obtained by a standard procedure and reads: 
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expression (2.12) can be rewritten as: 
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If the rate of magnetization generation is much larger than the relaxation parameter σ  
(i.e. >> ), than at the times much longer than1−τ σ τ , equation (2.13) can be approximated as: 
 
( ) [ ] [ ]( ) ( ϕ−ωω+τω
ω⋅Φ⎯⎯ →⎯ σ−
−
±
τ>>± tsine
TACkPxP
tv T
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2
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21
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with  τω≈σ−τ
ω=ϕ − T1 Ttg  .      
 
As one can see, at longer times the function turns into a simple damped sinusoid known as 
Torrey oscillations [67,68]. Here, the oscillation has a shifted phase, and its amplitude is 
reduced due to a dephasing effect. If in addition the quenching rate becomes much larger than 
the frequency of the oscillations  ( >>1−τ Tω ), then the process of generation of magnetization 
can be described as instantaneous and equation (2.14) gets its simplest and well known [69] 
form:   
 
( ) ( ) ( )tsine0Mtv Ttz
T
1 ω⋅ω
ω≈ σ−±±                                                                                            (2.15) 
 
where ( ) [ ] [ ] [ ]0eq0QReqz RPxPTACkPxP0M ±±± =⋅τΦ=  is the initial radical magnetization. 
 
The signal that is measured with the TRESR spectrometer represents the v-component of the 
magnetization vector, integrated over the irradiated volume, convoluted with the response 
function, and multiplied with the sensitivity  factor of  the spectrometer C (choosing the 
dimension of C equal V/mole we put  Peq = 1) : 
 
( ) ( ) ( )∫⊗⋅= irraddVtvtfCtS                                                                                              (2.16) 
 
Here, f(t) is the response function determined by the expression: 
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When integrating over the irradiated volume the only one parameter [T]0 can noticeably 
depend on the integration coordinates. Therefore, the integration of the magnetization comes 
down to just a replacement of the parameter [T]0 in expression (2.13) by its integrated value, 
which can be estimated from the known quantum yield TΦ  of 3(1-NN) and the amount of light 
energy absorbed by the 1-NN molecules (LENN):  
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Putting (2.13), (2.17), (2.18) in (2.16) it is easy to get the analytical expression for S±(t): 
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Despite the majority of the parameters in expression (2.19) are known or were determined 
earlier, there still remain the unknown parameters P± , σ , Tω , and 1ω . The quenching rate 
constants ( ), the residual life times of  Qk
3(1-NN) ( 0τ ), as well as the radical quantum yields 
( ) for all solvents under study have been obtained in the optical absorption experiments (see 
section 2.3) and are collected in table 2.3. 
RΦ
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The radical quantum yield after triplet decomposition of AC depends on the magnitude of 
the external magnetic field. The values RΦ  which are listed in table 2.3 are those which have 
been measured by optical absorption spectroscopy at a magnetic field strength of 320 mT. The 
resonant fields of the two EPR lines, which are analysed here, are only slightly larger at about 
339 and 349 mT (see figure 2.14). Having analysed the rate of change of the quantum yield with 
the magnetic field we came to the conclusion, that the magnetic field variation by about 20-30 
mT changes the magnitude of the quantum yield not more than by 2-3%. Therefore, the value 
of at 320 mT should be correct with good accuracy. RΦ TΦ  is also known and equals 0.63 for 
unpolar solvents [36]. Finally, the amount of absorbed light energy was calculated according to 
the equation: ( )⎭⎬⎫⎩⎨⎧ −+
⋅ +− AC355NN355 ODOD
AC
355
NN
355
NN
355 101
ODOD
ODLE  from the laser pulse energy per shot (LE) 
and the optical densities of 1-nitronaphthalene ( ) and azocumene ( ) in the 
solution. The statistical weight of the lines under study (i.e. the number of radicals in that 
particular hyperfine state, divided by the total number of radicals) was x
NN
355OD
AC
355OD
i = 20/2048.  
 
 
Table 2.3 Kinetic parameters of the quenching of 3(1-NN) by AC, obtained in LFP experiments 
 
 Qk [10
9 M-1s-1] 0τ [μs] 1) RΦ  
Paraffin Oil 2.0 1.4 0.050 
Squalane 3.6 1.2 0.047 
Squalane:Heptane 6.1 1.1 0.052 
Hexadecane 7.4 1.0 0.053 
Dodecane 8.3 0.6 0.052 
Nonane 9.7 0.5 0.054 
Benzene 3.1 1.0 0.055 
Heptane 10.5 0.8 0.049 
 
1)Obtained for an external magnetic field of 320 mT 
 
 
As has been mentioned above (section 2.4.1) the sensitivity factor C = 1.2⋅109 V/mole was 
known from previous work [26]. The microwave amplitude 1ω  could be extracted from the 
slope of linear plots of  versus the microwave power, because  is proportional to the 2Tω 21ω
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microwave power and 
2
21
2
1T T
1
T
1
4
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−ω=ω . Thus, the only really unknown parameters 
which have to be determined by fitting (2.19) to the experimental time-profiles, are P±, , and 
, which correspond to amplitude, frequency, and damping rate of the oscillations, 
respectively. 
Tω
σ
 
In order to carry out the fitting procedure with better quality it turned out to be suitable to 
compare the function (2.19) with the spectral power of the Fourier transform of the signal, as in 
this case all three parameters are clearly separated, and the influence of the high and low 
frequency noise, distorting the real signal, becomes minimal. The additional advantage of fitting 
the spectral power is a very accurate (within 2-3 % error) determination of  the parameter Tω , 
what in turn  facilitates an accurate determination of the two remaining parameters P±  and σ. 
 
 
2.4.5 Paraffin oil solutions 
 
Due to its very high viscosity paraffin oil turns out to be very suitable solvent, because all 
above made approximations and approaches hold with very good accuracy for a wide range of 
quencher concentrations and absorbed light energies. The processes of triplet-triplet 
annihilation, spin exchange and radical self-termination are limited by the slow diffusion and on 
a time scale, which is long enough to e.g. replace (2.9) by its approximation (2.10) and to use 
the simplified form of the Bloch equations (2.11). In order to make this sure, we will make 
some simple estimations: 
 
1) Having estimated the irradiated volume as about 7μl and the absorbed light energy as 
not more than 5 mJ, it is clear that the initial triplet concentration did not exceed the value 1-
1.5 mM. This means that the parameter [ ]0TT Tk  in equation (2.9) is less than 2.7⋅105 s-1, as 
kTT in paraffin oil was found to be . On the other hand, the value of 
the parameter  for the lowest quencher concentration was about 10
118
TT sM108.1k
−−⋅≈
1−τ 6 s-1, what is nearly 
four times larger than the estimated upper limit for [ ]0TT Tk . Thus, neglect of the second 
order kinetics in (2.9) is certainly justified. 
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2) We do not know what the exact value is for the self-termination rate constant of cumyl 
radicals in paraffin oil, but its magnitude can be estimated by extrapolating an earlier 
measured value of 2kt = 1.2⋅109 M-1s-1 in t.butylbenzene as solvent [43]. Taking into account 
that the ratio of the solvent viscosities is about 1:100 (η(t.butylbenzene) ≈1 cP ), we obtain 
an estimation for the self-termination rate in paraffin oil as 2kt ≈ 1.2⋅107 M-1s-1. For 
diffusion controlled reactions one expects, that  the ratio between the rates of radical spin 
exchange and self-termination kex/2kt does not exceed 3 [70,71]. Therefore, the upper limit 
of  kex is about kex ≈ 3.6⋅107 M-1s-1 . Using the above estimated maximum triplet 
concentration of 1-1.5 mM and the radical quantum yield of about 5%, it is easy to calculate 
the upper limit of  the radical concentration, which is about 50-75  μM. Therefore, it turns 
out that kex[R]0 ≤ 2.7⋅103 s-1  and  2kt[R]0 ≤ 9⋅102 s-1 , what is two - three orders of 
magnitude less than the inverse values of the relaxation times, which amount to several 
microseconds. Thus, it is also justified to neglect in the modified Bloch equations the 
exchange term and the second-order term for CIDEP production in the cumyl radical F-
pairs. 
  
Figure 2.15 shows, in a plot versus the microwave power, the values of  which were 
obtained by fitting relation (2.19) to the sum of the time-profiles of the two resonance lines 
under study. The free parameters of the fitting procedure were 
2
Tω
σ , Tω , and the product ( )1P ω+ . 
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Figure 2.15: Dependence of the parameter Tω  on the microwave power, obtained by fitting 
of EPR time-profiles recorded for solutions containing 2.1 mM of 1-NN  and 15 mM of AC 
(black squares) and 47 mM AC (open circles). Dotted line represents the linear fit to both data.  
 
 
The differences between the  values obtained for different quencher concentrations did not 
exceed 2-3 %. Figure 2.15 contains only the results for  obtained for two quencher 
concentrations (15 mM and 47 mM). As expected, the dependence of  on the microwave 
power is linear with very good accuracy. The slope of the line is the magnitude of  at 1 mW 
microwave power incident at the EPR cavity. The intercept should be the value of the parameter 
2
Tω
2
Tω
2
Tω
2
1ω
2
21 T
1
T
1
4
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛ − . Apparently it is so small in comparison with , that the number obtained from 
the linear fit turned out to be even smaller than the tiny statistical error. Therefore, in the further 
treatment we will just consider the case when 
2
1ω
2
21 T
1
T
1
4
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −  is equal to zero and put T1 ω=ω . 
This will allow to determine directly the size of the polarization while fitting the signals by 
function (2.19). 
 
Figure 2.16a presents experimental and with equation (2.19) simulated time-profiles of S+(t) 
for two quencher concentrations: 4.6 mM and 47 mM. The curves were calculated with the 
parameters, which were obtained by fitting the numerically calculated Fourier transforms of the 
experimental time-profiles, as it is shown in figure 2.16b. The fitting procedure was 
implemented only in the frequency range lying relatively near to the maximum peak in the 
Fourier space, which corresponds to the Torrey oscillation frequency. This seems to be quite 
reasonable, because the ratio of useful information to noise is maximal in this frequency range, 
what in turn leads to a more accurate determination of the unknown parameters.  
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Figure 2.16: Comparison of the time profiles S+(t) recorded at 20 mW microwave power for 
two paraffin oil solutions containing 1-NN (2.1 mM) and  AC (4.6 mM and 47 mM respectively)  
with their simulations by equation (2.19) calculated for the optimal set of fit parameters: (a) 
time representation (b) spectral (frequency) representation.  
 
For the smaller concentration of AC (4.6 mM) in paraffin oil the parameter τ is found to be 
about 610 ns, whereas it is about 60 ns for the larger one (47 mM). According to equation (2.14) 
this should lead to a phase shift between the two oscillations in figure 2.16a of about 
55° (ω( ) ≈τΔω≈ϕ Tarctg T = 3.06⋅106 s-1) and that is indeed observed (one can see, that the 
curve corresponding to the smaller quencher concentration crosses the zero line with a time 
delay of about 300 ns, while the oscillation period is approximately 2 μ. This means 
that the observed phase shift is
≈δT ≈T
°≈δ°≈ϕ 55
T
T360 ). 
 
An additional manifestation of the slower quenching at smaller AC concentrations is the 
noticeable drop in the oscillation amplitude. It is due to a dephasing effect and also due to the 
fact, that at slow quenching rates the processes determining the residual life time τ0 of 3(1-NN) 
begin to compete with the quenching process. In spite of the fact, that the values of the absorbed 
light energies and also the parameters P+ are rather similar in the experiments with both AC 
concentrations (LENN = 2.8 mJ and 2.6 mJ, P+= -95.2 Peq and -100.1 Peq for 4.6 mM and 47 mM 
respectively), the oscillation amplitudes differ from each other about three - four times at times 
longer than about 2μs. This corresponds well with an estimation of the amplitude decrease for a 
quencher concentration of 4.6 mM from equation (2.14): 
[ ]
( ) [ ]( ) 4
1mM6.4AC
ACk
212
T
Q ≈=
τ+ω −
. 
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Figure 2.17 presents the values of the parameters P+ and σ, obtained as result of fitting 
equation (2.19) to experimental time profiles  S+(t) for a set of different microwave powers and 
AC concentrations in the range 2.5 - 82 mM. As one can see from the figure the average values 
of the parameters are -106 Peq and 4.2⋅105 s-1 for  and σ, respectively. Within the limits of 
their statistical scattering (about 10-15 %) they are independent of the quencher concentration. 
It is evident that the parameter σ must be independent of the quenching rate, as its value is 
determined only by the rates of spin relaxation in the cumyl radicals, which remain unchanged 
when varying the AC concentration. It is more interesting that the net polarization P
+P
+ does not 
depend on the quencher concentration. In principle the observed net emissive polarization could 
be a superposition of a) a d-type TM polarization induced in the 3AC molecules and b) a p-type 
TM polarization induced in the 3(1-NN) molecules and transferred via quenching with AC to 
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Figure 2.17: Dependence on the quencher concentration of (a) the absolute value of the net 
polarization and (b) the relaxation parameter σ, both given for several different microwave 
powers. 
 
 
the cumyl radicals. However, in the latter case the quenching reaction would compete with the 
decay of the spin polarization in the 3(1-NN) molecules because of spin relaxation. Therefore, 
the amount of polarization transferred to the radicals would depend on the rate of quenching i.e. 
the AC concentration. In our quenching experiments the life time of 3(1-NN) is varied from 
about 60 ns to 1 μs without observing any change of the emissive cumyl radical polarization. 
Therefore, we conclude that this polarization is exclusively due to a d-type TM in triplet 
azocumene.  
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Figure 2.18: Dependence of the ratio of multiplet to net polarizations on the quencher 
concentration, obtained at different microwave powers. 
 
The ratio +
−
P
P  between the multiplet and net polarization may be used for an independent 
check, if our value  ≈ -106⋅P+P eq makes sense. This ratio is not affected by a variety of possible 
systematic errors, which might be contained in the determination of P+ (inaccuracy of quantum 
yield , the value of absorbed light energy, …). As visible in figure 2.18 the ratio +
−
P
P  decreases 
with increasing AC concentration and even changes sign at high AC concentrations. This 
behavior is caused by the direct photolysis of AC, which for higher quencher concentrations 
becomes more and more prominent ( (82 mM) ≈ 0.23). A linear fit of the ratio AC355OD +
−
P
P  versus 
the AC concentration yields an intercept at 
4
1≈  , i.e. the multiplet polarization amounts to  ≈ 
-26.5⋅P
−P
eq . Assuming that the ratio between the multiplet polarizations stemming from radical 
pairs with singlet and triplet precursors should be about 3:1, it is easy to obtain an estimation of 
about -80⋅Peq for the multiplet polarization in the case of direct singlet photolysis of AC. This 
value is not far away from the previously measured multiplet polarization (-111±25)⋅Peq for the 
direct photolysis of AC in paraffin oil solution [26]. 
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2.4.6 Other alkane solvents  
 
When the viscosity of the solvent decreases the triplet-triplet annihilation rate increases 
much faster than the rate of triplet quenching by AC (see figure 2.9), and for small 
concentrations of the quencher both rates can become comparable.  The method which we have 
developed for the analysis of the time-profiles is based on the condition [ ] τ<<
1Tk 0TT . At low 
viscosity and small quencher concentration it would become incorrect. Therefore, all 
measurements at lower viscosity and their analysis were carried out only for AC concentrations 
larger than 30 mM. At this high quencher concentration the contribution of the triplet-triplet 
annihilation to the kinetics of the 3(1-NN) decay becomes negligibly small and the quenching 
rate is fast enough to consider the process of generation of magnetization to be instantaneous. In 
this case  is determined by equation (2.15) and the analytical expression for the measured 
signal (equation (2.19)) takes the form 
( )tv±
 
( ) ( )
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
ω⎟⎟⎠
⎞
⎜⎜⎝
⎛ σ−τ+⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
ω−ω
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ σ−τ+ωτ
⋅= σ−σ−τ
−±± tsine1tcosee
1
0MCtS 1
t
exp
1
t
t
12
exp
2
1exp
z exp      (2.20) 
 
with  (the rate of ( ) [ ]0Reqz TPxP0M Φ= ±± 3AC decay was taken equal to the quenching rate, 
i.e. [ACk1 Q=τ ]).  The magnitude of the initial magnetization ( )0M z±  were obtained by Fourier 
spectral power fitting of relation (2.20) to the experimental curves measured at low laser light 
intensity (see figure 2.19). It should be noted here, that this procedure is very similar to the 
method which has been used previously [66] for the analysis of the TREPR spectra recorded 
after direct photolysis of 2,2’-azobisisobutyronitrile. 
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Figure 2.19: Solid lines are the time profiles S+(t) measured in dodecane solution 
containing 2.1 mM of 1-NN and 35 mM of AC at 1.3 mJ absorbed light energy for two 
microwave powers: 20 mW (a),(c) and 5 mW (b),(d). The dashed lines represent the simulations 
with relation (2.20) with the following parameters: C⋅Mz+(0)=-0.250 V, σ = 2.35⋅105 s-1, ω1 = 
3.2⋅106 s-1 for (a) and (c), and C⋅Mz+(0)=-0.256 V, σ = 2.75⋅105 s-1, ω1 = 1.64⋅106 s-1   for (b) 
and (d), respectively.  
 
 
Since in the data analysis of the measurements in paraffin oil solutions we have not found 
any evidence for a noticeable contribution of a polarization transfer from 3(1-NN), the obtained 
magnitudes of the parameter  can be directly ascribed to the polarizations induced by the d-
type TM in 
+P
3AC. All results for  and the solution viscosities at which they were measured are 
listed in table 2.3. 
+P
 
Finally, we have to note here, that we did not take into account any possible influence of a 
trans-cis isomerization process on the polarization. This should be absolutely correct because of 
the following reasons: 1) We did not observe any significant contribution of a trans-cis 
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isomerization to the radical yield, 2) the radicals produced by thermolysis of the unstable cis-
isomer are only polarized by the radical pair mechanism, which for two identical radicals in the  
 
Table 2.3 Dependence of the d-type TM polarization 
induced in  3AC on solvent viscosity 
 1)η  [cP] +P  [Peq] 
Paraffin Oil 106.7 -106 
Squalane 32.4 -104 
Squalane:Heptane (4:1 vol.) 8.32 -104 
Hexadecane 3.32 -100 
Dodecane 1.50 -82 
Nonane 0.71 -63 
Benzene 0.67 -61 
Heptane 0.41 -51 
Pentane 0.24 2)-36 
1) at room temperature 
2) obtained under assumption that the radical quantum yield at 3 T equals 0.05 
 
 
pair can induce only a multiplet type polarization, 3) the magnetization of the radicals produced 
via an eventual slow thermolysis would not be seen at the high microwave powers which we 
used in order to observe the Torrey oscillations, because the formation of the magnetization 
would occur on the time scale of the life time of the cis-isomer (5 – 12 μs).   
 
 
2.5 Theoretical analysis  
 
The observation of a magnetic field effect on the formation of cumyl radicals from triplet 
azocumene as well as a net spin polarization of the radicals manifests the occurrence of a d-type 
triplet mechanism in 3AC. For a quantitative analysis of our experimental data we follow the 
model used by Steiner to explain the MFE on the decay of certain exciplexes [11,72]. We 
assume that 3AC undergoes simultaneously spin state selective ISC to the ground state and spin 
state independent decay into radicals, according to scheme 2.3. The spin selective ISC causes 
non-thermal populations of the zero-field sub-states Tx, Ty, and Tz, which are partially 
transferred to the radical products. The quantum yield of cleavage is determined by the ratio of 
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the decay rate kp to the rates kx, ky, and kz of the ISC process. An external magnetic field mixes 
the zero-field sub-states and, combined with the rotational Brownian tumbling of the molecule, 
induces transitions between them. This affects the total depopulation rate via ISC and, hence, 
influences the quantum yield of radicals and their polarization. For simplicity we assume for 
3AC axial symmetry of the zero field splitting tensor (Dxx = Dyy) and the ISC rate constants ( kx 
= ky = k⊥ ). As we will see later (section 2.5.1.4) this should be a good approximation, because 
the triplet electrons are localized on the azo-group having a C2 symmetry axis, which can be 
reasonably considered as axial symmetric.   
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Scheme 2.3 
 
 
2.5.1 The model of a static triplet 
 
The interactions and processes determining the triplet spin dynamics are: Zeeman and 
dipole-dipole interaction, rotational diffusion, depopulation via ISC, and decay into radicals. 
The magnitudes of the Zeeman and dipole-dipole interaction are determined by the magnetic 
field B and the ZFS parameter DZFS, respectively, and the rates of the depopulation processes 
are described by the rate constants k⊥, kz and kp. The diffusional tumbling is measured by the 
correlation time τc for reorientational motion. The influence of any of these processes on the 
spin dynamics is determined by the ratio of the parameter measuring the process to the rate of 
triplet state depopulation. The value of τc increases with increasing viscosity. If the condition 
1/τc << max{kp,min{k⊥,kz}}is met, the influence of the diffusional motion becomes negligibly 
small, because the molecule has simply no time to change noticeably its orientation during the 
life time of the triplet state. Then, the polarization and quantum yield of the radicals become 
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independent of the viscosity of the solution. We believe that this situation is met for 3AC in the 
two most viscous solvents, squalane and paraffin oil, as ΦR and MFEmax are nearly the same, 
although the viscosity differs by more than a factor of three (see figure 2.12). Thus, for these 
two solvents the experimental data can be analysed with neglect of the rotational diffusion and 
assumption of a static triplet molecule, what is done in the following.  We have to note here, 
however, that since in both solvents the hyperfine pattern of the TREPR spectra of the cumyl 
radicals did not differ from those in low-viscous solutions, the diffusional tumbling of the 
radicals is still fast enough to average the anisotropic part of the radical hyperfine interactions 
and to yield normal solution EPR spectra. 
 
For analysis we choose a molecular frame {x,y,z} as depicted in scheme 2.4. Let the z-axis 
be along the axis of symmetry of the ZFS tensor and the ISC rate constants, and the x-axis in 
the plane formed by the z-axis and the magnetic field vector B
r
.  
 
 
z
yx
θ
B
 
 
Scheme 2.4 
 
 
θ is the angle between the z-axis and the field direction. In the general case, the statistical 
description of the quantum system requires the solution of the appropriate Liouville equation. 
However, if the influence of diffusion is negligible, the processes can be described in terms of 
the Schrödinger equation. For our case it reads 
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( ) Ψ−Ψ+−=Ψ−=Ψ kˆ
2
1HˆHˆHˆ
dt
d
ZFSZEFF ii  .                                                                    (2.21) 
 
In the basis {T+} = {-(Tx+iTy)/ 2 }, {T0} = {Tz}, and {T-} = {(Tx-iTy)/ 2 }, quantized along 
the z-direction, the Hamiltonian of the Zeeman interaction, ( ) ( )( )θ+θω= sinSˆcosSˆHˆ xz0Z , can 
be expressed in terms of the magnetic field ω0 and the spin operators 
 
⎟⎟
⎟
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−
=
100
000
001
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⎝
⎛
=
010
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2
1Sˆx  . 
 
The zero-field interaction as well as the operator describing the decay via ISC and cleavage 
are given by the matrices 
 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
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ZFS
ZFS
ZFS
ZFS
D00
0D20
00D
3
1Hˆ  and  . ⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
+
+
+
=
⊥
⊥
p
pz
p
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HEFF denotes the effective Hamiltonian including all interactions and processes. 
 
The solution of the first order linear differential equation (2.21) has the general form  
 
( ) t33t22t11 321 elCelCelCt, λλλ ⋅⋅+⋅⋅+⋅⋅=θΨ                                                               (2.22) 
 
with and λ3,2,1l 1,2,3 being the eigenvectors and corresponding eigenvalues of the matrix 
 and CEFFHˆi- 1,2,3 the set of arbitrary constants, which are determined by the initial conditions. 
For comparison with the experimental data for the quantum yield and spin polarization, the 
integrations 
 
( ) ( )∑ ∫∫
−+
∞π
θΨθθ=Φ
,0,
2
00
pC dtt,dsin2
1k
3
1                                                                         (2.23a) 
( ) ( ) ( ) ( )∑ ∫∫
−+
∞ +π− θΨθ′θΨθθΦ=
,0, 0
Z
0
p
1
C dtt,Sˆt,dsin2
1k
3
1P                                             (2.23b) 
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are required, because the measured quantum yield and polarization are a statistical average over 
all initial polarizations and orientation angles of the triplet molecule (note, that ΦC in equation 
(2.23) now is the quantum yield for cleavage, i.e. ΦC = ΦR/2). Unfortunately, for the general 
case the dependence of Ψ on θ is too complicated to obtain analytical expressions for ΦC and P. 
Therefore, we will consider separately two limiting cases, in which the calculations can be 
much simplified. 
 
 
2.5.1.1 Zero magnetic field case 
 
In the absence of a magnetic field, the matrix  is diagonal and {TEFFHˆ +}, {T0}, and {T-} 
are the quasi-stationary eigenstates of the triplet. The population density of the states {T+} and 
{T-} decays exponentially with a time constant τ⊥ = (k⊥+kp)-1, while that of the state {T0} 
vanishes with τz = (kz+kp)-1 . In the absence of any noticeable polarization transfer from triplet 
1-NN the initial population of all three states is the same (1/3), so that an easy calculation 
delivers ΦC, i.e. the product yield per 3AC,  
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3
1k Z                                      (2.24) 
 
Putting k⊥+kp = αkp and kz+kp = βkp, equation (2.24) can be rewritten in a form which contains 
only the two unknown parameters α and β, 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
β+α=Φ
12
3
1
C   .  
 
According to figure 2.12(b) the radical yield amounts essentially to about 7%, i.e. ΦR ≈ 
0.07. Therefore ΦC = ΦR/2 ≈ 0.035. It is worth mentioning that, strictly speaking, the equality 
ΦC = ΦR/2 is only an approximation, because ΦC is calculated for zero magnetic field, while ΦR 
was measured at 0.02 T. However, a careful examination of the data given in figure 2.11 shows, 
that the MFE at 0.02 T can not exceed 2%. Therefore, 
 
 56
035.012
3
1
C ≈⎟⎟⎠
⎞⎜⎜⎝
⎛
β+α=Φ                                                                                                  (2.25) 
 
is a very good approximation. In order to get a second equation for the two unknown parameters 
α and β, the high-field case is now considered. 
 
 
2.5.1.2 High magnetic field case 
 
If the magnetic field is large, the effective Hamiltonian becomes dominated by the Zeeman 
interaction. ZFS tensor and reaction operator can then be treated as weak perturbations. Without 
perturbation the eigenvectors l1,2,3 of the Zeeman Hamiltonian are the triplet states {T+’}, {T0’}, 
and {T-‘}, quantized in field direction, and the corresponding eigenvalues of  become 
λ
EFFHˆi-
1,2,3 = -iω0, 0, and +iω0, respectively. In order to account for the ZFS and reaction operator  as 
a weak perturbation, λ1,2,3  may  written as power  series    with  
 -i, 0, +i, respectively. The first correction terms then become 
∑∞
=
−ωλ=λ
0j
j1
0
(j)
3,2,13,2,1
=λ(0) 3,2,1
 
( ) ( )( ) ( ) ( )( ) ( ) ( )[ ]2pz2p2ZFS13,1 sinkkcos1kk41cos316D θ++θ+⋅+−θ−=λ ⊥i  ,  
( ) ( )( ) ( ) ( ) ( ) ( )[ ]2pz2p2ZFS12 coskksinkk21cos313D θ++θ⋅+−θ−−=λ ⊥i  . 
 
The imaginary parts of  correct the energy levels of the quasi-stationary eigenstates 
{T
(1)
3,2,1λ
+
’}, {T0’}, and {T-‘}, and the real parts determine their life time. Averaging over all initial 
polarizations gives for the cleavage yield   
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Integrating over the orientations according to equation (2.23) and rewriting in terms of the 
parameters α and β finally yields 
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At high magnetic fields the MFE measured in squalane and paraffin oil (see figure 2.12(a)) 
levels off at about -43 %. Therefore, 
 
43.0MFE
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Φ−Φ= ∞                                                                                    (2.27) 
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Figure 2.20: Dependence of MFEmax on the parameter α as calculated numerically from the 
equations (2.25), (2.26), and the definition of  MFEmax. The dashed lines represent the two 
solutions resulting from the experimental value MFEmax = -43%. 
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Expressing in equation (2.26) β in terms of α via equation (2.25), the numerical calculation 
of MFEmax in dependence on α (see figure 2.20) gives two possible solutions for α. Equation 
(2.25) and the definition of α and β, then finally yield the following two possible parameter 
sets, which satisfy all conditions pointed out above: 
 
1)            and           2)                                     (2.28) 
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2.5.1.3 Intermediate magnetic field case 
 
Although in the two limiting cases of zero and infinite large field the expressions (2.23a,b) 
can be presented analytically (in both cases P is simply zero), a numerical integration is 
required for the general case. In order to avoid an additional numerical integration over the 
time, we put (2.22) into (2.23) and, after having integrated analytically the exponential terms, 
we obtain: 
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Here,  are now no arbitrary constants but vectors, each of which is determined 
by the condition when the triplet has one of the three possible initial polarizations: 
( )( )−+=θ ,0,kCk
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where ( ) ( ) ( )[ ]θθθ 321 lll  is a matrix composed of the eigenvectors ( )( )3,2,1ili =θ . 
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Note, since  is no hermitian matrix (because of the reaction operator) the condition of 
orthogonality of the l
EFFH
i may not be fulfilled, i.e. ( ) ( ) ijij ll δ≠θθ . 
From equation (2.29b) we have calculated the polarizations in dependence on the parameter 
DZFS for different values of kp, the rate of  cleavage into two cumyl radicals. In these 
calculations the ISC rates were introduced as multiples of kp according to 36.19k
k
1 p ==−α
⊥
 
and 75.146
k
k
1
z
p ==−β  for solution 1) in (2.28), as well as 5.74
k
k
1 p ==−α
⊥
 and 
72.11
k
k
1
z
p ==−β  for the second possible solution in (2.28). The results for the parameter sets 
1) and 2) are given in the figures 2.21a and 2.21b, respectively.  
 
Comparison of the numerically calculated polarizations P with the experimentally measured 
value P+ = -106⋅Peq = -0.082 allows to find a correlation between the two unknown parameters 
DZFS and kp for each of the two possible sets { }βα,  in (2.28). Figure 2.21 illustrates the 
procedure of determining DZFS for each given value of  kp . In fact, there are two values of DZFS,  
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Figure 2.21: Dependence of the calculated polarization value on parameter DZFS under 
following conditions: (a)α = 20.36, β = 147.75, kp = 109 s-1 (1), 5⋅108 s-1 (2), 2.5⋅108 s-1 (3), 108 
s-1(4); (b) α =75.5, β = 12.72, kp =3⋅109 s-1 (1) ,2⋅109 s-1 (2), 1.5⋅109 s-1 (3), 109 s-1(4). Dashed 
lines illustrate obtaining of the parameter DZFS for every given kp from comparing of a 
calculated curve with experimental value -0.082.  
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at which the curve P(DZFS) crosses the horizontal line determined by the condition P = -0.082, 
because P(DZFS) must vanish when DZFS approaches either zero or infinity and reaches the 
maximum of its absolute value when DZFS becomes comparable with the external magnetic 
field. However, the DZFS values corresponding to the second crossing turned out to be well 
above 1 T and were simply rejected as physically unrealistic.    
 
kp was varied in sufficiently small steps ( we took 5⋅107 s-1 ) over the range from 108 s-1 to 
1010 s-1, and for each kp the matching zero-field splitting DZFS was determined as described 
above. Doing that for both parameter pairs{ }βα,  in (2.28) resulted in two vectors, each of them 
containing as elements 200 number pairs { }ZFSp D,k , for which the set of all four values 
{ }ZFSp D,k,,βα  satisfied the requirement: { }082.0P,43.0MFE,035.0 maxC −=−==Φ . 
 
Equation (2.29a) was then used to calculate the magnetic field effect MFE(B) for all 2×200 
number pairs { }ZFSp D,k . Using a least squares procedure the results were compared with the 
experimentally obtained MFE(B) in paraffin oil solution (see figure 2.11). Two best parameter 
sets 1) and 2) were found, which are listed in (2.30). 
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Figure 2.22 illustrates the quality of the agreement between the experimental and calculated 
curves as well as the sensitivity of the calculated MFE(B) to changes of the parameter pairs 
{ }ZFSp D,k . In fact MFE(B) is rather sensitive to the parameters, because the dependence of the 
radical yield on the magnetic field is mainly determined by the ratio between on one hand kp 
and on the other hand the ISC rates and, therefore, the size of DZFS. The larger the values are for 
DZFS and kp the stronger must be the magnetic field to produce a similar magnetic effect. In 
view of the good sensitivity to the parameters we estimate the accuracy of the determination of 
kp and DZFS from MFE(B) to be not worse than 20%.  
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Figure 2.22: Dependence of the calculated MFE on the magnetic field for the following 
parameter sets: (a)α = 20.36, β = 147.75, {kp, DZFS} = {8⋅108 s-1 , 30.7⋅109 s-1}-solid line, 
{4⋅108 s-1 , 18.5⋅109 s-1}-dashed line (1), {12⋅108 s-1 , 54.8⋅109 s-1}-dashed line (2); (b) α = 75.5, 
β = 12.72, {kp, DZFS} = {1.65⋅109 s-1 , 34.2⋅109 s-1}-solid line, {8⋅108 s-1 , 25.6⋅109 s-1}-dashed 
line (1), {3⋅109 s-1 , 59.5⋅109 s-1}-dashed line (2). Points represent experimental values for 
paraffin oil solutions, given for comparison. 
 
 
The agreement between experiment and numerical calculation turns out to be equally good for 
both parameter sets given in (2.30), so that it is impossible to make a choice in favor of one of 
them.  
 
 
2.5.1.4. Selection rules for the ISC in triplet azocumene 
 
A possibility to find arguments in favor of either the first or the second parameter set in 
(2.30) is, to consider the symmetry properties of the 3AC molecule. It is well known that 
excitation of trans-azoalkanes from their ground state to the first singlet or state is a (n+π∗) 
transition [20,73]. Quantum mechanical calculations made for azomethane [20,32] predict that 
the equilibrium structure of the first triplet state should be non-planar, the potential minimum 
corresponding to a tetrahedral angle close to 90°. It is expected that the intersystem crossing 
proceeds mainly at the nuclei configuration where the potential surfaces of triplet and singlet 
states cross each other. The position of the crossing point can appreciably depend on the 
substituents of the azo-group, but theoretical results for azomethane [20,32] allow to draw the 
analogy conclusion, that the crossing point for AC corresponds also to a non-planar structure, 
probably with tetrahedral angle also close to 90° . Becoming non-planar, the CNNC group 
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changes its symmetry from C2h to C2 . The only symmetry operation of C2 is rotation by 180° 
around the symmetry axis (except the identity transformation), which in the case of the CNNC-
group is perpendicular to the NN  bond  and  forms  two  equal  angles  with  both CN as shown 
in scheme 2.5. 
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Scheme 2.5 
 
 
Let this symmetry axis be the z-axis of a molecular frame. It is easy to see that the axis is 
one of the three main axes of the ZFS tensor. To prove it, we just need to show that both zx and 
zy non-diagonal elements of the tensor are zero. The  zx- nondiagonal element is defined as 
[74,75] 
 
( )( ) ( )∫ Ψ−
−−μ− 21221T5
21
21212
B
2 rdrdr,r
rr
zzxx3
g
2
1 rrrr
rr                                                         (2.31) 
 
where denote the coordinate vectors of two (1 and 2) unpaired electrons,  and  are 
their projections on x and z axes respectively, 
2,1r
r
2,1x 2,1z
TΨ  is the orbital part of the triplet wave function. 
The integral (2.31) can be presented as the summation of two integrations: the first one over 
half-space  and the second one over 0x > 0x < . It is clear that these two contributions are 
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equal in absolute value but have opposite signs, so that the whole integral (2.31) is equal to 
zero. This can be understood if one realizes, that the C2 operation (rotation around z by 180°) 
transforms the first half-space to the second one and vice versa. Being symmetry element of the 
system the rotation does not affect the value of ( ) 221T r,r rrΨ , but only changes the sign of the 
factor ( )( )
5
21
2121
rr
zzxx3
rr −
−−  , what results in a sign change of the integral over a half-space. The 
same, of course, is valid for the yz-element of the ZFS tensor.  
 
Let now the other two main axes of the ZFS tensor be the x and y axes of the molecular 
frame. We want to show, that simple group theory considerations predict the ISC from the Tz  
state to be symmetry forbidden, whereas it is allowed from both Tx and Ty . In order to do this 
we have to use the following basic theorem [76]: for a quantum-mechanical system under a 
certain symmetry group a matrix element of an operator is nonzero only if it contains the unit 
representation.  
 
Table 2.4 Characters of irreducible representations of 
the C2 symmetry group 
C2 A B 
1)E 1 1 
2)C2 1 -1 
1)Identity transformation 
2)Rotation around symmetry axis by 180° 
 
The only irreducible representations of  C2 are two one-dimensional representations A an B. 
Under the C2 rotation operation the first one (A) does not change its sign, whereas the second 
one (B) does (table 2.4). 
 
As commonly accepted the ISC is induced by spin-orbit interaction, which according to [2] 
is determined by a Hamilton operator of the following form: 
 
ii sB
r)r) ⋅= ∑
ie
so ˆcm
eH  
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where is
r)  is the spin vector operator of the electron i and iB
r
ˆ  is the vector operator representing 
the local magnetic field at the electron i, interacting with its spin and induced by the orbital 
motions of all electrons in the molecule. The summation is extended over all electrons in the 
molecule. The ISC rate constant from a triplet sub-state Tj  is determined by the non-diagonal 
matrix element between this state and the singlet ground state S, 
 
jT
ie
SjTsoS Tˆcm
eSTHS Ψ⋅Ψ=ΨΨ ∑ ii sB r)
r)
                                                           (2.32)                       
 
( ,  - denote the corresponding orbital wave functions). Since under ISC one electron 
undergoes a  transition (note, in spite of the orbital wave functions may differ from 
 and  at tetrahedral angels different from 180°, their symmetry properties must be kept 
according to the orbital symmetry conservation [
SΨ TΨ
+∗ →π n
∗π +n
77,78]), the matrix element (2.32) is direct 
proportional to:  
 
j
ie
Tˆ
cm
eSn ∗+ π⋅∝ ∑ ii sB r)
r
                                                                                          (2.33) 
 
To determine whether the matrix element (2.32) is nonzero, we have to check the symmetry 
properties of (2.33), which in turn are determined by the transformation rules of each element 
contained in the expression. Concerning the spin-orbit operator, one can conclude that it is 
simply scalar i.e. unit representation A, since it is proportional to the scalar product of two 
vectors: local magnetic field and spin moment. In order to find out the symmetry properties of 
the spin states, we should note, that in the frame of the main axes of the ZFS tensor S and Tj are 
defined as [74]: 
 
( )βα−αβ=
2
1S , ( )αα−ββ=
2
1Tx , ( )ββ+αα= 2Ty
i , ( )βα+αβ=
2
1Tz  
 
Under rotation around the z-axis by a certain angle θ, single electron spin functions undergo the 
transformation operation [79] 
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          with  ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
β−
α=π=θ=⎟⎟⎠
⎞
⎜⎜⎝
⎛
β
α=⎟⎟⎠
⎞
⎜⎜⎝
⎛
β
α θσ
i
i
zie
'
'
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=σ 10
01
2
1
z - Pauli matrix  
 
what in turn directly determines the symmetry properties of the singlet and the three triplet sub-
states. The transformation rules of all elements included in equation (2.33) under the symmetry 
group C2 are collected in table 2.5. 
 
Table 2.5: Symmetry properties of the elements contained in equation (2.33). 
 +n  ∗π  S xT  yT  zT  ii sB
r)r ⋅ˆ  
E +n  ∗π  S xT  yT  zT  ii sB
r)r ⋅ˆ  
C2 +n  -  ∗π S -  xT -  yT zT  ii sB
r)r ⋅ˆ  
 
 
Putting the data from table 2.5 into equation (2.33) it is easy to see, that each of the two 
matrix elements  xso THS
)
 and yso THS
)
 is A representation of the group C2 and, 
therefore, should be non-zero. By contrast, the matrix element zso THS
)
 changes its sign 
under rotation  transformation (representation B) and can not include representation A and, 
hence, has to be equal to zero, i.e. forbidden. 
 
Thus, we can conclude, that the second parameter set of (2.30), where there are two fast and 
one slow ISC rates, is expected to be met in reality (although a quantum chemical calculation of 
the sign of the parameter DZFS is required to confirm this assumption). The difference between 
the ISC rates from Tx and Ty should be much smaller than that one between Tz and each one of 
these two states. Thus, the reaction operator k
)
 in the Schrödinger equation (2.21) can be 
reasonably considered as axial symmetric. The same approximation should be valid for the ZFS 
tensor as well, since the influence of its two parts DZFS and EZFS on the observable polarization 
should be determined by the multiplications ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−
2
kk
kD yxzZFS  and ( )yxZFS kkE − , 
respectively (this situation is met for the p-type TM [8,9], and it is unlikely to expect a big 
difference between the cases of both types of TM). Therefore, the influence of s 
expected to be insignificant.   
ZFSE  i
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2.5.2. The case of rotational diffusion 
 
As seen from the experimental results the values of the polarizations and the magnetic field 
effect noticeably decrease with decreasing solvent viscosity. This effect is associated with the 
increase of the influence of the rotational diffusion on the spin dynamics in triplet AC. In fact, 
the stochastic tumbling of the triplet molecule induces transitions between different triplet 
states, equalizing thereby their populations and, therefore, reducing any magnetic field 
dependent effect. The diffusional rotation of the molecule may be a very anisotropic and 
complex process, but in order to check qualitatively the dependence on viscosity in the frame of 
our model of a d-type TM and to also check the estimated values of the parameters  
and D
zp k,k,k ⊥
ZFS, we will limit ourselves to the case of isotropic continuous diffusion. In this case the 
spin evolution of the system has to be described by the stochastic Liouville equation (SLE) 
proposed by Pedersen and Freed for the p-type TM [9] and modified later by Steiner [80,72] for 
the case of a d-type TM, 
 
( ) ( ) ( )[ ] ( ) ( ){ } ( t,Dt,,k
2
1t,,HˆHˆt,
d
)
t
d 2
rZFSZ Ωρ∇+ΩρΩ−ΩρΩ+−=Ωρ
)
i                               (2.34) 
 
with  being the diffusional operator describing the action of the rotational diffusion 
on the evolution of the spin density matrix. The important parameter of the SLE is the rotational 
diffusion coefficient  D
( t,D 2r Ωρ∇ )
r , which by means of the Debye-Stokes equation is dependent on the 
solvent viscosity, 3r a4
kT3D6 πη≈  (here a is the hydrodynamic radius of the triplet AC). The 
equation is written now in the laboratory frame { }'z'y,'x , where the earlier introduced operators 
ZH
)
, ZFSH
)
 and k
)
 are given by the following expressions: 
 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
ω−
ω
=
0
0
Z
00
000
00
H
)
,   AˆDH ZFSZFS ⋅=
)
,   ( ) ( ) Iˆkkk2
3
1Aˆkkk pzz ⋅⎥⎦
⎤⎢⎣
⎡ +++⋅−= ⊥⊥
)
 
 
with     and  
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
=
100
010
001
Iˆ
( )
( )
( ) ⎟⎟
⎟⎟
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜⎜
⎜⎜
⎜
⎝
⎛
+−
−+−
+
=
−−
−
12cos3
12
12sin
22
1sin
2
1
2sin
22
112cos3
6
12sin
22
1
sin
2
12sin
22
112cos3
12
1
22
22
θθθ
θθθ
θθθ
φφ
φφ
φφ
ii
ii
ii
ee
ee
ee
A
)
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The matrix  depends on two orientation angles of the triplet, the axial and azimuthal angles φ 
and θ, respectively, as shown in scheme 2.6. We should note here that in the general case the 
triplet orientation is determined by three Euler angles, but as we supposed axial symmetry in the 
molecular frame any change of the third angle does not affect the spin dynamics and, therefore, 
may be ignored in our consideration.  
Aˆ
The solution of the SLE is determined by the initial condition ( ) (Ω)ρ=Ωρ 00,  (in our case the 
initial condition is ( ) I
12
1
0
)
π=Ωρ ) and contains all information about the observable values of 
 and P, which can be calculated  by following formulas: CΦ
 
( ){ }
( ){ }⎪⎪⎩
⎪⎪⎨
⎧
ΩΩρΦ=
ΩΩρ=Φ
∫ ∫
∫ ∫
∞
Ω
−
∞
Ω
dt,SSpkdtP
dt,Spkdt
z
0
c
1
C
0
cC
)                                                                               (2.35) 
                       
 
Z'
Y'
X'
θ
φ
B Z
 
 
Scheme 2.6 
 
 
In the general case equation (2.34) can not be solved analytically. Also a numerical solution 
requires nontrivial methods of calculation, because the direct integration over time is 
problematic due to the presence of the second order derivatives in the diffusional operator. In 
order to carry out a numerical integration of equation (2.34), we will follow a method, which 
has been applied by Tarassov with respect to the p-type of TM [42]. The main idea consists in 
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replacing the stochastic diffusion term in the SLE by a summation over all possible diffusional 
trajectories, i.e. the time evolutions of the orientation angles: 
 
SLE ⇒  ( ) ( )( ) ( )[ ] ( )( ) ( ){ }∑ ∑ ρΩ−ρΩ+−=ρ
j j
jjjjZFSZj t,tkˆ2
1t,tHˆHˆt
dt
d i  
 
 This can be done, because the diffusion process is not affected by spin interactions and, 
therefore, can be considered independently. For each given trajectory ( )tjΩ  the evolution of the 
spin density matrix ( )tjρ  is determined by a simple differential equation of first order, 
 
( ) ( )( ) ( )[ ] ( )( ) ( ){ }t,tkˆ
2
1t,tHˆHˆt
dt
d
jjjjZFSZj ρΩ−ρΩ+−=ρ i  , 
 
which can be easily integrated numerically according to the following scheme:  
 
 
0tt 0 == :                                          ( ) ( )0t j0j ρ=ρ                           
ttt 1 Δ== :               ( ) ( )( )( ) ( ) ( )( )( )0jeff0j0jeff1j tHˆexptttHˆexpt ΩρΔΩ−=ρ ∗ii  
. 
. 
. 
tttt k1k Δ+== + :      ( ) ( )( )( ) ( ) ( )( )( )kjeffkjkjeff1kj tHˆexptttHˆexpt ΩρΔΩ−=ρ ∗+ ii  , 
 
where ( ) ( )Ω−Ω+= kˆHˆHˆHˆ DZeff i  , 
 
 
Scheme 2.7 
 
 
which considers the diffusion trajectory as a discontinuous process with time increment tΔ , 
which has to be chosen smaller than the rotational correlation time, i.e. 1tDr <<Δ . 
 
 A possible diffusional trajectory can be constructed using the so-called Monte-Carlo 
method generation [81]. The method is commonly used for generation of values x distributed 
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by a given probability function P(x). If one can generate in two dimensional space points (y,x) 
uniformly distributed over an area that includes the function P(x), then a number of points for 
which the condition )x(Py ≤  is met will be distributed by P(x) (see figure 2.23). A similar 
procedure may be carried out, of course, in the case of a many-dimensional   distribution 
function   P(x1, x2, …). 
 
Y=P(X)
.
.
X
Y
0 A
B
Y < P(X)
Y > P(X)
 
Figure 2.23: Illustration of the Monte-Carlo method applied for generating values with a 
given distrubution. 
 θ = 0), then 
 
 
If a molecule at time t=0 had both orientation angles equal to zero (φ = in the 
case of isotropic continuous diffusion (i.e. described by equation ρ∇=ρ RDd
2
t
d
d by arbitrary 
) the 
probability to find an orientation determine φ  and θ  at any arbitrary time t is 
given by a sum over an infinite series [74]: 
 
( ) ( ) ( ) θ+−θπ4 Rll
As this function does not depend on the axial angel φ, this angle is uniformly distributed over 
the range [0; 2π]. If however the initial orientation was determined by arbitrary values
+=φθ ∑ sintD)1l(lexpcosP1l2t,00P 0   
 φ0 and 
θ then the probability to find the molecule at new angels φ , θ is given by the formula: 
 
0, 
( ) ( )( ) ( ) ( θΔ+−θΔπ+=φθθφ ∑ sintD)1l(lexpcosP4 1l2t, )R0ll00  .                                    (2.36) P
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Here φΔ  and θΔ  are the increments, which are related to the values of φ ,θ  and 0φ , 0θ  by 
m ans of the geometrical relations (see scheme 2.8): 
 
e
( )⎪⎩
⎪⎨
⎧
φθφΔθΔ−φθθΔ+φθΔφΔθ=φ
θθΔ+φΔθθΔ=θ
00000
00
coscoscossincossincossinsinsin
sin
1cos
coscoscossinsincos
       (2.37)    
 
 
Scheme 2.8 
φ
φ0
Δφ
Δθ
Δθθ
θ0
B
Z'
Y'
Z
X'
 
 
In figure 2.24 is shown an example of a diffusional trajectory simulated according to the above 
described procedure, i.e. with a given time step tΔ a new orientation of the molecule was 
generated by the Monte-Carlo method with distribution function (2.36), taking into account the 
initial orientation (in fact one generates increments φΔ , θΔ  which define in turn a new 
orientation by means of equation (2.37)). For all calculations which we have done, the diffusion 
time step was determined by the condition 02.0tDr =Δ , since a further reduction of the step 
was found practically not to affect the results of the calculation. For calculation of the 
probability function (2.36) the first 40 terms were taken into the summation. 
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Fig 2.24: Example of a diffusional trajectory determined by means of two orientation angels 
φ andθ. The trajectory was generated with parameters Dr = 1010 s-1 and Δt = 2⋅10-12 s. 
 
 
 make up a global density matrix 
If we build N diffusional trajectories and for each of them calculate the density matrix 
according to scheme 2.7, then we can ( )tNρ  corresponding to 
a st tical ensemble of N particles, atis
 
 ( ) ( )∑ρ=ρ
j
jN tN
1t  
 
number of trajectories approaches infinity, i.e. If the ∞→N , the obtained density matrix 
 approaches the solution of the SLE integrated ov tation angles: 
 
)t(N er the orienρ
∞→N , ( ) ( )∫
Ω
Ωρ→ρ t,tN                                                                                               (2.38) 
initial orientations in the en elected according to the distribution function 
)
 
The validity of (2.38) also requires to meet the initial conditions, what can be fulfilled if the 
semble are s
( ) ( ){ } ({ }Ωρ=Ωρ=Ω 0Sp0,SpP  (in our case ( ) π=Ω 4
1P ) and for each trajectory j with an initial 
orientation  the density matrix at 0Ω 0t =  is chosen as ( ) ( )( ){ }00
00
j Sp
0 Ωρ
Ωρ=ρ . 
 
Putting (2.38) in (2.35) we can easily find, that for the infinite ensemble ( ) ∞→N
 72
 
⎪⎪⎨
⎧
=ΩΩρΦ→ρ⎥⎦
⎤⎢⎣
⎡ ρ
Φ=ΩΩρ→ρ
∫ ∫∫∫
∫ ∫ ∫
∞
Ω
−∞
−∞
∞ ∞
Ω
Pdt,SSpkdtdttSSpkdttSpk
dt,SpkdtdttSpk
z
0
c
1
C
0
Nzc
1
0
Nc
C
0 0
cNc
))  
 
trajectories A (N), A (N),…A (N). Then, according to standard statistical considerations the 
error of the result A(N) can be approximated by the relation: 
( ){ } ( ){ }
( ){ } ( ){ } ( ){ }⎪⎪⎩
Practically, an infinite number of trajectories is of course unachievable, but in our case we 
could always find a reasonable number of trajectories, which allowed both rather fast 
calculation and good accuracy . The error of the calculation caused only by statistical deviations 
can be estimated, if one compares the result of several calculations with the same number of 
1 2 k
( ){ } ( )∑ −−≈ i
2
i AA1k
1NAError  
with ∑=
i
iAk
1A . All calculations were carried out with an accuracy not worse than 1-2 %. 
Figures 2.25 - 2.27  represent the results of the numerical calculations of the SLE for both 
parameter sets 
 
{ }ZFSp D,k,,βα  of (2.30) and three different hydrodynamic radii ( , 
d 
lated re . Therefore, our quantitative results regarding the triplet state of AC 
o
A27.2a ≅
o
A74.2 , and 
o
A45.3 ), in each case in comparison with the experimental results. The calculated 
and experimental curves show a good qualitative agreement, although some quantitative 
discrepancy is quite noticeable. This discrepancy can be caused by many different reasons, such 
as a more complicated nature of the diffusion process than considered in the SLE, or also some 
possible systematic errors (up to factor of two), either in the experimental determination of the 
quantum yields and polarizations and/or in the theoretical models, which were used for the 
analysis of the experimental data. For example, in our analysis of the experimental data we did 
not include the possible influence of the cage effect on the radical quantum yield, assuming this 
to be twice of the cleavage one. The cage effect should be rather small as the radicals originate 
from a triplet precursor and, therefore, any primary cage effect [24] should be absent. However, 
the secondary cage effect in the very viscous paraffin oil solvent might well reach a value of 
about 5% and might be one of the reasons for the discrepancy in the experimental an
calcu sults for CΦ
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Figure 2.25: Viscosity dependence of the calculated values of:  the cleavage quantum yield 
at zero field-(a,b), the maximum magnetic field effect-(c,d) and the spin polarization-(e,f) 
obtained with: the first parameter set of (2.30) -(a,c,e), the second parameter set-(b,d,f) for 
three values of the hydrodynamic radius a: 2.27  (squares), 2.74 (triangles), 
3.45 (crosses). Filled circles represent the experimental results.   
o
A
o
A
o
A
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can not be considered as extremely precise, but they are expected to be good estimations, and 
they provide a good qualitative description of the intramolecular processes affecting the spin 
dynamics in the first excited triplet state of AC. Finally, we want to point out, that the obtained 
values of the diffusional radius ( ) seem to be absolutely reasonable, because a sphere with 
this radius has a volume roughly corresponding to that of the AC molecule. 
o
A3≈
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Answers to the comments of reviewer 1 
 
Corrections on pp 1-16 were carried out as suggested. 
Page 12: As a response to this remark the following text was added (cf. end of  p. 17): 
 
“..The symmetry arguments suggest that the C2 symmetry axis as shown in Fig. 11 
represents the principal axis of the reaction tensor characterized by the components kz 
and k. In our approach (cf. equation 11) identical principal axes were assumed for the 
ZFS and the reaction tensors. Within a point dipole approximation, i.e. spins localized 
at the nitrogen nuclei, the principal axis of the ZFS tensor would be expected to 
coincide with the N-N bond. However, in this triplet, spin-orbit coupling will also 
strongly contribute to the ZFS. Without a detailed quantum chemical calculation we 
cannot be sure about the principal axis of the ZFS tensor and the sign of DZFS. “ 
 
The former Figure 9 is now Figure 11, the former Figures 10 and 11 are now Figures 9 
and 10. 
 
Figures 1, 2, 8, and 11 (the latter is now Figure 10): all suggestions were taken into account. 
 
 
 
 
 
 
 
 
Answers to the comments of reviewer 2 
 
 
General comments: 
 
1. Regarding the contamination of our data analysis by a p-type TM, we note that in the 
discussion of fig. 3, our paper says: “All other known CIDEP producing mechanisms 
can be excluded (see ref. [12], p. 34).”, and in [12], p. 34 the arguments are given, why 
a p-type TM can be excluded. In addition, the main argument (the net polarization is 
independent of the quencher concentration!) is also given in the present paper in the 
discussion of fig. 6. – We do not see why further arguments in support of this point 
should be necessary. 
2. A thorough discussion of the influence a non-zero E-ZFS might have on our data 
analysis is beyond the scope of this article. However, at the end of the introduction of 
our paper we say that it is based on a PhD thesis (ref. [12]), where numerous details, 
justifications of assumptions, control experiments, etc. can be found, which are 
omitted in the present paper for space reasons. The possible influence of a non-zero E 
on our data analysis is briefly discussed in [12], p. 65. – We added this ref. on p. 12, 
end of last paragraph, of the present manuscript. 
 
 
attachment to manuscript
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Particular comments: 
 
1. The reviewer stated: 
”The first statement: Despite the fact that the photochemistry of azoalkanes has been 
studied intensively, information on their triplet state is relatively scarce" sounds a bit 
clumsily because the intensive study of photochemistry of any specie means also 
obtaining the information on its triplet state as well.” 
 
In fact, just this latter expectation of the reviewer is not true, as was substantiated with 
a number of detailed references given in the first paragraph just after the criticized 
phrase. 
 
2.-5. The reviewer is absolutely right. This paper is the direct continuation of the research 
outlined in ref. [6]. We studied the decomposition of triplet sensitized azocumene into 
nitrogen and cumyl radicals by time-resolved EPR and flash photolysis. In [6] we 
analysed the flash photolysis results and obtained partial information on the triplet 
state of azocumene. In the present paper we analyse the time-resolved EPR results and 
gain additional information on that state. From the combined consideration of both, 
flash photolysis and time-resolved EPR results, we obtain a maximum of information 
on the triplet state of azocumene.  
The reader of the present paper should be able to understand it without frequent resort 
to ref. [6]. To achieve this, a certain overlap with [6] is inevitable. We tried to keep 
this overlap as small as possible. However, in view of the criticism of reviewer 2 we 
now reduced it even more: the experimental part was considerably shortened, referring 
to [6]. The conclusive statement was modified, according to reviewer 2’s comment 5 
and, in response to reviewer 1, a caveat with regard to the ZFS tensor axes was added. 
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Abstract 
The triplet sensitized photo-decomposition of azocumene into nitrogen and cumyl 
radicals is investigated by time-resolved EPR and absorption spectroscopy. The 
radicals are found to be created spin polarized with a yield depending on the 
strength of an applied magnetic field. The phenomenon arises because in triplet-
azocumene the decay into radicals competes with a fast triplet-sublevel selective 
intersystem crossing back to the azocumene ground-state. The size of the initial 
spin polarization of the radicals and the magnetic field effect on their yield is de-
termined in solvents of different viscosities. Data analysis yields rate constants for 
the intersystem crossing and the cleavage reaction of triplet-azocumene as well as 
its zero-field splitting DZFS. At room temperature in non-polar solvents, the most 
probable values are: kx = ky = 1.210
11
s
-1
 and kz = 1.910
10
s
-1
 for the intersystem 
crossing from the energetically lower and upper triplet sub-states, respectively, kp 
= 1.6109s-1 for the cleavage reaction, and for the zero-field splitting DZFS = - 
3.41010s-1 (0.18 cm-1). 
 
 
Keywords: 
 CIDEP, EPR, photochemistry, energy transfer, triplet mechanism, azo-
compounds 
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1. Introduction 
Despite the fact that the photochemistry of azoalkanes has been studied inten-
sively, information on their triplet state is relatively scarce. Only for some cyclic 
azoalkanes time-resolved spectroscopy found access to the triplet state, and its ki-
netics could be analyzed [1-2]. For non-cyclic azoalkanes it is only known, that 
they possess a short-lived triplet state at about ET  226 kJ/mole above their trans 
singlet ground state. When populated via triplet sensitization it deactivates rapidly 
by two competing processes, radiationless return to the singlet ground state 
(sometimes accompanied by some trans-cis isomerisation) and cleavage into ni-
trogen and two alkyl radicals, according to Fig. 1, where 
3
Sens is the triplet sensi-
tizer. No phosphorescence is observed, and the quantum yield for radical for-
mation is usually very small in solution. Thus, the intersystem crossing (ISC) 
T1  S0 from triplet to singlet ground state seems to be much faster than the other 
decay routes, but till today no quantitative data are known concerning the time 
scales of the primary processes shown in Fig. 1 [3-4]. 
 
(Figure 1 about here) 
 
Some years ago we observed by time-resolved EPR (TREPR) spectroscopy, that 
radicals formed from triplet sensitized non-cyclic azoalkanes carry initially an 
emissive electron spin polarization [5-6], which we attributed to the occurrence of 
a depopulation-type triplet mechanism (d-type TM [7]) in these compounds. The 
principle of that mechanism is depicted in Fig. 2. The ISC between triplet and 
singlet is caused by spin-orbit coupling, which may be quite different for the three 
zero-field sublevels Tx, Ty, and Tz. If that is the case, then these sublevels decay 
with different rates to the singlet ground state, causing their populations to be-
come different. In an applied static magnetic field the population difference will 
be partially transferred, due to the zero-field splitting (ZFS) to the high-field states 
T-, T0, and T+. Then, radicals stemming from the triplet are formed with an initial 
net spin polarization, provided the intersystem crossing T1  S0 can compete both 
with radical formation and spin relaxation between the triplet sub-states. In addi-
tion, the radical yield will become dependent on the strength of the applied static 
magnetic field, because the field mixes the states Tx, Ty, and Tz, thus increasing 
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the integral ISC rate and, consequently, diminishing the radical yield. The d-type 
TM was first proposed by Steiner in the early eighties to explain an observed 
magnetic field effect (MFE) on the radical quantum yield in electron transfer reac-
tions between triplet excited thionine and various halogen substituted anilines [8-
9]. The requirements for a d-type TM to occur, i.e. especially an intersystem-
crossing T1  S0 with rate 10
9
 – 1011 s-1, are fulfilled only in rare cases.  There-
fore, until now this mechanism has been observed in only a few systems [5-6, 8-
11].  
(Figure 2 about here) 
 
In the d-type TM the initial chemically induced electron polarization (CIDEP) of 
the radicals and the magnetic field effect (MFE) upon their yield are two manifes-
tations of one and the same phenomenon. Thus, the magnitudes of both effects 
should be correctly describable with one and the same set of parameters, which 
are essentially the ISC rates of the triplet molecules, their decomposition rate into 
radicals, their zero-field splitting (ZFS) tensor, as well as the correlation time of 
their rotational diffusion. In order to check this for a non-cyclic azoalkane and to 
get some information about the elusive triplet state of these compounds, we inves-
tigated the decomposition of azocumene (AC) after triplet sensitization with 1-
nitronaphthalene (1-NN). The system seemed to be well suited to study the MFE 
on the cumyl radical yield by laser flash photolysis (LFP) and the CIDEP of the 
radicals by TREPR spectroscopy. 
In the LFP measurements, cumyl radicals formed after 
3
(1-NN) quenching by AC, 
were investigated by optical absorption spectroscopy, and their yield was deter-
mined in alkane solutions of different viscosities (0.4 cP – 1 P) at various applied 
magnetic fields (0.02 T – 3 T). The results and a partial discussion of the observed 
MFEs have already been published [6]. Here, we report on the results of the 
TREPR experiments, which yielded the initial CIDEP of the cumyl radicals, again 
at various viscosities (0.2 cP – 1 P) but, of course, at only one magnetic field 
strength (350 mT, the field of our X-band TREPR spectrometer). We will then 
show that all parameters (the different ISC rates, the cleavage rate into radicals, 
and the zero-field splitting parameter DZFS) can be obtained from a combined 
analysis of the CIDEP and MFE data, and that this one parameter set allows a sat-
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isfactory description of both the CIDEP and the MFEs observed for the decay of 
triplet azocumene (
3
AC). 
The extensive investigation of the d-type TM in triplet sensitized AC has been 
part of a PhD thesis [12]. We will sometimes refer to it, because it contains nu-
merous details, justifications of assumptions, control experiments, etc., which 
have to be omitted here for space reasons. Therefore, we give the relevant part of 
ref. [12] as electronic supplementary material to facilitate access to it. 
 
2. Experimental 
Cumyl radicals were generated by laser flash photolysis of benzene or alkane so-
lutions containing different concentrations of 1-NN and AC. They were detected 
at microwave powers in the range 0.3 - 20 mW using a cw-EPR spectrometer 
without field modulation. The details of the experimental conditions and the set-
up have been described previously [6, 13].The sensitivity factor of the spectrome-
ter (which is just the proportionality coefficient between the transverse magnetiza-
tion, measured in units of Boltzmann polarized spins, and the observed TREPR 
signal measured in volts) was estimated from previous work[14] to be about 
1.2109 V/mole. All measurements were performed at room temperature. The ma-
terials used, their preparation, as well as the viscosities of the solvents have al-
ready been given previously [6]. 
 
3. Results 
Fig. 3 shows an EPR spectrum which is observed about 3 s after laser flash irra-
diation at  = 355 nm of a benzene solution containing 1-NN (2.1 mM) and AC 
(7.5 mM). According to its hyperfine pattern and phase it has to be attributed un-
equivocally to an ensemble of cumyl radicals, which is spin polarized in emission. 
At 355 nm the absorption coefficients of 1-NN and AC are 3200  
M
-1
cm
-1
 and 40 M
-1
cm
-1
, respectively. Thus, under the conditions of the experi-
ment, nearly all the light is absorbed primarily by 1-NN, which is known to un-
dergo fast ISC within about 10 ps to its triplet state 
3
(1-NN) [15]. Therefore, the 
cumyl radicals must originate from 
3
AC, formed via triplet quenching of 
3
(1-NN) 
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by AC. The emissive CIDEP is mainly due to a d-type TM occurring during decay 
of 
3
AC. All other known CIDEP producing mechanisms can be excluded (see ref. 
[12], p. 34).  
 
(Figure 3 about here) 
 
In the spectrum given in Fig. 3 two resonance lines are marked with arrows. They 
have been chosen to measure and analyze quantitatively the magnetization in de-
pendence on time. They are separated well enough from neighboring resonances 
to allow an analysis via Bloch equations. In addition, these two lines are posi-
tioned symmetrically to the center of the spectrum. This will be of importance for 
the separation of the net emissive polarization of the radical ensemble from a su-
perimposed weak emission/absorption multiplet type polarization (note that from 
the two marked resonance lines the low-field one carries a little bit more emission 
than the high-field one because of the superimposed multiplet polarization). The 
additional emission/absorption (E/A) type polarization is generated by the well 
known Radical Pair Mechanism (RPM) [16, 17 ]in pairs consisting of two cumyl 
radicals, which are formed at the radical initiation stage (geminate pairs) and later 
on in free diffusional encounters (F-pairs). 
The EPR-time profiles which are obtained after flash photolytic radical generation 
contain all information about the chemical and spin dynamics of the system. They 
can be analyzed on the basis of Bloch equations, modified with additional terms to 
allow for chemical kinetics, CIDEP, and Heisenberg spin exchange (see [12], p. 
36). These modified Bloch equations are rather complex and contain a lot of un-
known parameters. However, if the radical concentration is small and the initial 
polarization large (both being the case in our experiments), then, a good approxi-
mation (for the on-resonance condition) are the well-known equations   
 1
2
i
i i
z
d
M
dt T
  
v
v  (1a) 
   1
1
AC T
i
i i iz
z i eq R Q
Md
M x P P k
dt T
    v  (1b)  
where xi is the statistical weight of the line under study, P
i
 its polarization meas-
ured in units of the Boltzmann polarization Peq , R  the quantum yield of radicals 
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per 
3
AC,  kQ the rate constant for triplet quenching,  [AC] the quencher concentra-
tion, and [T] the concentration of  
3
(1-NN). [AC] can be considered as constant 
and [T] is given by the rate law   
        
2
0
1
T T AC TTT Q
d
k k
dt 
 
    
 
 (2) 
0  is the residual life time of  
3
(1-NN) in the absence of the quencher. Neglecting 
at small triplet concentrations the triplet-triplet annihilation term, one gets  
    
0
T T
t
e 

   (3) 
with [T]0 being the initial 
3
(1-NN) concentration and  
0
1 1
ACQk
 
   its effec-
tive first order decay rate constant. Let the two lines marked in Fig. 3 be the re-
sonances i and j. Because we are interested in the net and multiplet polarization 
we introduce: i j  v v v , 
i j
z z zM M M
   , 2i j ix x x x   , and 
2
i jP P
P

 . 
Then, insertion of (3) into (1b) and integration (with initial conditions:  0t v  
=  0 0zM t
   ) yields 
 
   
 
     1 102
1 2 1
AC T
2
t
eq R Q t t
T T T
T T
xP P k
t e e cos t e sin t 
 
    
    


   
 
    
     
        
  
v
  (4) 
 
where 
1 2
1 1 1
2 T T

 
  
 
 and 
2
2
1
1 2
1 1 1
4
T
T T
 
 
   
 
. The oscillating terms in eq. 
(4) are the Torrey oscillations [18-19], somewhat modified for our reacting sys-
tem. 
The TREPR signal represents the v-component of the magnetization vector, inte-
grated over the irradiated volume, convoluted with the response function, and 
multiplied with the sensitivity  factor C of  the spectrometer (choosing the dimen-
sion of C equal V/mole we put  Peq = 1) : 
       irradS t C f t t dV   v  (5) 
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Here, f(t) is the response function determined by the expression: 
 
 
 
0: 0              
1
0: exp
t
exp
t f t
t f t e



  


 

  (6) 
The integration of the magnetization over the irradiated volume comes down to 
just a replacement of the parameter [T]0 in expression (4) by its integrated value, 
which can be estimated from the known quantum yield T  of 
3
(1-NN) and the 
amount of light energy absorbed by the 1-NN molecules (LENN):  
  
0
T NN Tirrad
A
LE
dV
h N


  (7) 
Putting (4), (6), (7) into (5) yields for the TREPR signal amplitude the analytical 
expression: 
 
 
 
1
2
1 2 12 1
exp
tt
T
R Q NN T
exp
A T T
e e
CxP k AC LE
S t
h N

  

     




 
  
  
    
        

 
 
    
   
1 2
2 2
1
1
t
T exp T R
exp T exp
e sin t      
   
    
  
  
  
 
   1 2 1 2exp
t
exp expt
T T exp T expe cos t e

 
    
 


   
         
   
    (8) 
Although expression (8) contains many parameters, only four of them are un-
known: P

,  , T , and 1 . The quenching rate constants ( Qk ), the residual life 
times of 
3
(1-NN) ( 0 ), as well as the radical quantum yields ( R ) for all solvents 
under study have been obtained in the optical absorption experiments [6, 12] and 
are collected in Table 1. T  = 0.63 for non-polar solvents was also known [19]. 
The amount of absorbed light energy was calculated according to 
 
 (Table 1 about here) 
 
 9 
the equation: 
  355 355355
355 355
1 10
NN ACNN OD OD
NN AC
LE OD
OD OD
 


 from the laser pulse energy per 
shot (LE) and the optical densities of 1-nitronaphthalene ( 355
NNOD ) and azocumene 
( 355
ACOD ) in the solution. The statistical weight of the lines under study (i.e. the 
number of radicals in that particular hyperfine state, divided by the total number 
of radicals) is x = 40/2048 and the sensitivity factor C = 1.2109 V/mole was 
known from previous work [14].  
In the fitting procedure, we compared the spectral power of the Fourier transforms 
of function (8) and the TREPR signal, because there, the effects of the fit parame-
ters are optimally separated, and the influence of the high and low frequency 
noise, distorting the real signal, becomes minimal. Like in previous studies [20-
21], this way of fitting was found to be the more reliable and accurate one. As an 
example, we describe the analysis of the results obtained in paraffin oil solution. 
Of the four free parameters P

,  , T , and 1 in eq. (8), P

 and 1  are not separ-
able because only their product P

1  appears in the amplitude factor of the signal. 
Thus additional information must be employed for the determination of P
.
.
 
The 
microwave amplitude 1  could be extracted from the slope of linear plots of 
2
T  
versus the microwave power (which is proportional to ω1
2
), because of the relation 
2
2
1
1 2
1 1 1
4
T
T T
 
 
   
 
. Fig 4 shows, in a plot versus the microwave power, the 
values of 2T  which were obtained by fitting relation (8) to the sum of the time-
profiles of the two resonance lines under study. As expected, the dependence of 
2
T  on the microwave power is linear with very good accuracy. The slope of the 
line is the magnitude of 21  at 1 mW microwave power incident at the EPR cavi-
ty. The intercept should be given by 
2
1 2
1 1 1
4 T T
 
 
 
. As this parameter is even 
smaller than the tiny statistical error we set it to zero, i.e. 1 T  . Thereby a di-
rect determination of the polarization P  by fitting the signals with the function 
given in equation (8) could be achieved. 
 
(Figure 4 about here) 
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Fig. 5a presents experimental and simulated time-profiles of S
+
(t) for two quench-
er concentrations: 4.6 mM and 47 mM. The curves were calculated with parame-
ters, which were obtained by fitting the numerically calculated Fourier transforms 
of the experimental time-profiles, as is shown in Fig 5b. The fitting procedure was 
implemented only in the frequency range lying relatively near to the maximum 
peak in Fourier space, which corresponds to the Torrey oscillation frequency. This 
seems to be quite reasonable, because the ratio of useful information to noise is 
maximal in this frequency range.  
 
 (Figure 5 about here) 
 
Fig. 6 presents the values of the parameters P
+
 and , obtained as results of fitting 
equation (8) to the experimental time profiles  S
+
(t) for a set of different micro-
wave powers and AC concentrations in the range 2.5 - 82 mM. As one can see 
from the figure the average values of the parameters are -106 Peq and 4.210
5
 s
-1
 
for P  and , respectively. Within the limits of their statistical scattering (about 
10-15 %) they are independent of the quencher concentration. It is evident that the 
parameter  must be independent of the quenching rate, because its value is de-
termined only by the rates of spin relaxation in the cumyl radicals. That the net 
polarization P
+
 is independent of the quencher concentration, proves that it must 
be generated within the 
3
AC molecules and their decay. Any polarization created 
in the 
3
(1-NN) ensemble and then being transferred to the 
3
AC molecules would 
necessarily have to depend on the quencher concentration.   
 (Figure 6 about here) 
Finally, the ratio 
P
P


 between multiplet and net polarization may be used for an 
independent check, if our value P   -106Peq makes sense. This ratio is not af-
fected by a variety of possible systematic errors, which might be contained in the 
determination of P
+
 (inaccuracy of quantum yield , the value of absorbed light 
energy, etc). As visible in Fig. 7 the ratio 
P
P


 decreases with increasing AC con-
centration and even changes sign at high AC concentrations. This behavior is 
caused by the direct photolysis of AC, which for higher quencher concentrations 
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becomes more and more prominent ( 355
ACOD (82 mM)  0.23). A linear fit of the ra-
tio 
P
P


 versus the AC concentration yields an intercept at 
4
1
  , i.e. the  
 (Figure 7 about here)  
 
multiplet polarization amounts to P   -26.5 Peq . Assuming that the ratio be-
tween the multiplet polarizations stemming from radical pairs with singlet and 
triplet precursors should be about 3:1, it is easy to obtain an estimation of about -
80 Peq for the multiplet polarization in the case of direct singlet photolysis of AC. 
This value is not far away from the previously measured multiplet polarization  
(-111  25) Peq for the direct photolysis of AC in paraffin oil solution [22]. Thus, 
our data analysis seems to be consistent. 
In a similar way we have determined the net polarization P
+
 also in other non-
polar solvents of different viscosities. The results are summarized in Table 2.  
 
 (Table 2 about here)  
 
4. Theoretical analysis 
The observation of a magnetic field effect on the formation of cumyl radicals 
from triplet azocumene as well as a net spin polarization of the radicals manifests 
the occurrence of a d-type triplet mechanism in 
3
AC. For a quantitative analysis of 
our experimental data we follow the model used by Steiner to explain the MFE on 
the decay of certain exciplexes [9, 23]. We assume that 
3
AC undergoes simulta-
neously spin state selective ISC to the ground state and spin state independent de-
cay into radicals, according to Fig. 8. The spin selective ISC causes non-thermal 
populations of the zero-field sub-states Tx, Ty, and Tz, which are partially trans-
ferred to the radical products. The quantum yield of cleavage is determined by the 
ratio of the decay rate kp to the rates 
 
(Figure 8 about here) 
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kx, ky, and kz of the ISC process. An external magnetic field mixes the zero-field 
sub-states and, combined with the rotational Brownian tumbling of the molecule, 
induces transitions between them. This affects the total depopulation rate via ISC 
and, hence, influences the quantum yield of radicals and their polarization. For 
simplicity we assume for 
3
AC axial symmetry of the ZFS tensor (Dxx = Dyy) and 
the ISC rate constants ( kx = ky = k ). This should be a good approximation, be-
cause the triplet electrons are localized on the azo-group having a C2 symmetry 
axis, which can be reasonably considered as axially symmetric. Even if Dxx and 
Dyy were somewhat different, the approximation would be good as long as |EZFS / 
DZFS| << 1 (see ref. [12], p. 65).   
  
The interactions and processes determining the triplet spin dynamics are: Zeeman 
and dipole-dipole interaction, rotational diffusion, depopulation via ISC, and de-
cay into radicals. The magnitudes of the Zeeman and dipole-dipole interaction are 
determined by the magnetic field B and the ZFS parameter DZFS, respectively, and 
the rates of the depopulation processes are described by the rate constants k, kz 
and kp. The diffusional tumbling is measured by the correlation time c for reo-
rientational motion. The influence of any of these processes on the spin dynamics 
is determined by the ratio of the parameter measuring the process to the rate of 
triplet state depopulation. The value of c increases with increasing viscosity. If 
the condition 1/c  max{kp, min{k, kz}}is met, the influence of the diffusional 
motion becomes negligibly small, because the molecule has simply no time to 
change noticeably its orientation during the life time of the triplet state. Then, the 
polarization and quantum yield of the radicals become independent of the viscosi-
ty of the solution. We believe that this situation is met for 
3
AC in at least the two 
most viscous solvents, squalane and paraffin oil, because P
+
 levels off there (Ta-
ble 2), as do R and the maximum magnetic field effect MFEmax (see Fig. 7 in 
[6]). Thus, for these two solvents the experimental data can be analyzed with neg-
lect of the rotational diffusion and assumption of a static triplet molecule, which is 
described in the following. 
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Let the molecular z-axis be along the C2 axis of  the molecule, and the magnetic 
field vector B  oriented at a polar angle   against the z-axis. In the general case, 
the statistical description of the quantum system requires the solution of the ap-
propriate Liouville equation. However, if the influence of diffusion is negligible, 
the processes can be described in terms of the Schrödinger equation. For our case 
it reads 
  
   1ˆ ˆ ˆ ˆ
2
EFF Z ZFS
d
i i
dt
        H H H K  (9) 
Here ˆ
EFFH  denotes the effective Hamiltonian including all interactions and 
processes. In the basis {T+} = {-(Tx+iTy)/ 2 }, {T0} = {Tz}, and {T-} = {(Tx-
iTy)/ 2 }, quantized along the z-direction in the molecular frame, the Hamiltonian 
of the Zeeman interaction,     Z 0 z xˆ ˆˆ cos sin   H S S , can be expressed in 
terms of the magnetic field 0 and the spin operators in the molecular frame 
 
 












100
000
001
Sˆz   and  











010
101
010
2
1
Sˆx  . (10) 
  
The zero-field interaction as well as the operator describing the decay via ISC and 
cleavage are given by the matrices 
 
ZFS
ZFS ZFS
ZFS
0 0
1ˆ 0 2 0
3
0 0
D
D
D
 
 
  
 
 
H  and  
p
z p
p
0 0
ˆ 0 0
0 0
k k
k k
k k


 
 
  
  
K . (11) 
 
The solution of the first order linear differential equation (9) has the general form  
 
   31 21 1 2 2 3 3, e e e
tt tt C l C l C l
              (12) 
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with 1,2,3l and 1,2,3 being the eigenvectors and corresponding eigenvalues of the 
matrix 
EFF
ˆ-iH , and C1,2,3 the set of arbitrary constants, which are determined by 
the initial conditions. For comparison with the experimental data for the quantum 
yield and spin polarization, the integrations 
    
2
C p
,0, 0 0
1 1
sin ,
3 2
k
k
k d t dt

    

 
     (13a) 
        1 p
,0, 0 0
1 1 ˆsin , ,
3 2
k k
C z
k
P k d t t dt

      


 
    S   (13b) 
 
are required, because the measured quantum yield and polarization are statistical 
averages over all initial polarizations and orientation angles of the triplet mole-
cule. The primed operator ˆ
z
S  refers to the laboratory frame z-axis which is de-
fined along the direction of the external magnetic field. The functions  ,k t   (k 
= +,0,-) represent the Zeeman states with MS’ = 1, 0 , -1 at t = 0. Note, that C in 
equation (13) now is the quantum yield for cleavage, i.e. C = R/2. The theoreti-
cal d-type TM polarization P in  equation (13b) corresponds to the experimentally 
determined polarization P
+
, i.e. P ≡ P+. 
In the two limiting cases of zero and infinite large field, the relations (11) can be 
given analytically (in both cases P is simply zero). In [6] we analyzed the MFEs 
for these two limiting cases and found, that there are two sets of parameters which 
describe the MFEs observed at low and high fields with equal accuracy: 
  
a) 
z
20.36
147.75
19.36
146.75
p
p
k k
k k




 


 
           and           b)
p
z p
75.5
12.72
74.5
11.72
k k
k k




 


 
  (14) 
  
where the parameters α and β are defined by k+ kp =  kp and kz + kp =  kp. In or-
der to get not only relative rate constants but absolute ones, we here now consider 
the case of an intermediate magnetic field which requires a numerical integration 
of (13).  
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To avoid an additional numerical integration over the time, we substitute (12) into 
(13) and, after having analytically integrated the exponential terms, we obtain: 
 
   
         
3
C
,0, , 10
1 1 1
sin
2 3
k k
p j i j i
k i j j i
k l l d

      
   


  
   
       
  C C   
  (15a) 
   
           
3
1
,0, , 10
1 1 1 ˆ sin
2 3
k k
C p j i j Z i
k i j j i
P k l l d

       
   
 

  
   
       
  C C S
  (15b)  
Here,   ,0,k k   C  are now no arbitrary constants but vectors, each of 
which is determined by the condition when the triplet has one of the three possible 
initial polarizations: 
          
10
1 2 3
1 0 0
, , ( ) 0 , 1 , 0
0 0 1
C C C l l l     
 
      
      
          
      
      
 (16) 
 
where      1 2 3l l l      is a matrix composed of the eigenvectors 
  1,2,3il i  . 
Note that, since EFFH  is no hermitian matrix (because of the reaction operator) the 
condition of orthogonality of the il  may not be fulfilled, i.e.    j i ijl l   . 
From equation (15b) we calculated the polarizations in dependence on the para-
meter DZFS for different values of kp, the rate of cleavage into two cumyl radicals. 
In these calculations the ISC rates were introduced as multiples of kp according to 
1 19.36
pk
k


    and 1 146.75
p
z
k
k
     for solution 1) in (14), as well as 
1 74.5
pk
k


    and 1 11.72
p
z
k
k
     for the second possible solution in (14). 
The results for the parameter sets a and b are given in Fig. 9a and 9b, respectively.  
Comparison of the numerically calculated polarizations P with the experimentally 
measured value P
+
 = -106 Peq = -0.082 allows to find a correlation between the 
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two unknown parameters DZFS and kp for each of the two possible sets  ,   in 
(14). Fig. 9 illustrates the procedure of determining DZFS for each given value of  
kp . In fact, there are two values of DZFS, at which the  
 
 (Figure 9 about here) 
 
curve P(DZFS) crosses the horizontal line determined by the condition P = -0.082, 
because P(DZFS) must vanish when DZFS approaches either zero or infinity and 
reaches the maximum of its absolute value when DZFS becomes comparable with 
the external magnetic field. However, the DZFS values corresponding to the second 
crossing turned out to be well above 1 T and were simply rejected as physically 
unrealistic.    
The parameter kp was varied in sufficiently small steps (we took 510
7
 s
-1
) over 
the range from 10
8
 s
-1
 to 10
10
 s
-1
, and for each kp the matching zero-field splitting 
DZFS was determined as described above. Doing so for both parameter pairs ,   
in (14) resulted in two vectors, each of them containing as elements 200 number 
pairs  ,p ZFSk D , for which the set of all four values  , , ,p ZFSk D   satisfied the 
requirement:  max0.035, 0.43, 0.082C MFE P      . Equation (15a) was 
then used to calculate the magnetic field effect MFE(B) for all 2200 number 
pairs  ,p ZFSk D . Using a least squares procedure the results were compared with 
the experimentally obtained MFE(B) in paraffin oil solution (see Fig. 6 in [6]). 
Best fits were found for the two parameter sets: 
 
 
8 1
9 1
10 1
9 1
20.36
147.75
8 10
)
19.36 15.5 10
146.75 11.7 10
30.7 10 174
p
p
z p
ZFS
k s
a
k k s
k k s
D s mT








 

  

  
   

  
 (17a) 
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9 1
10 1
9 1
9 1
75.5
12.72
1.65 10
)
74.5 12.3 10
11.72 19.34 10
34.2 10 194
p
p
z p
ZFS
k s
b
k k s
k k s
D s mT








 

  

  
   

    
 (17b) 
Fig.10 illustrates the quality of the agreement between the experimental and cal-
culated curves as well as the sensitivity of the calculated MFE (B) to changes of 
the parameter pairs   ,p ZFSk D . In fact MFE(B) is rather sensitive to the parame-
ters, because the dependence of the radical yield on the magnetic field is mainly 
determined by the ratio between on one hand kp and on the other hand the ISC 
rates and, therefore, the size of DZFS. The larger the values are for DZFS and kp the 
stronger the magnetic field must be to produce a similar magnetic effect. In view 
of the good sensitivity to the parameters we estimate the accuracy of the determi-
nation of kp and DZFS from MFE(B) to be not worse than 20%.  
 
 (Figure 10 about here) 
 
So far, both parameter sets given in ( 17) seem to describe with about equal accu-
racy the observed initial spin polarization of the cumyl radicals as well as the 
magnetic field effect on their yield. To find arguments in favor of one of the pa-
rameter sets, we considered the symmetry properties of 
3
AC and the selection 
rules for ISC (see [12], p. 61ff). They suggest that there is one slow ISC rate and 
two fast ones, i.e. they favor set b. The symmetry arguments suggest that the C2 
symmetry axis as shown in Fig. 11 represents the principal axis of the reaction 
tensor characterized by the components kz and k. In our approach (cf. equation 
11) identical principal axes were assumed for the ZFS and the reaction tensors. 
Within a point dipole approximation, i.e. spins localized at the nitrogen nuclei, the 
principal axis of the ZFS tensor would be expected to coincide with the N-N 
bond. However, in this triplet, spin-orbit coupling will also strongly contribute to 
the ZFS. Without a detailed quantum chemical calculation we cannot be sure 
about the principal axis of the ZFS tensor and the sign of DZFS.   
 
(Figure 11 about here) 
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The parameters given in (17) have been obtained by analysis of the spin polariza-
tions and MFEs in high viscous solutions, where the reorientational diffusion is 
slow enough to model the 3AC molecules as static triplets. The question remains 
whether these parameter sets are also suitable for low viscous solvents, when the 
reorientational diffusion influences the spin dynamics in 
3
AC. In fact, the stochas-
tic tumbling of the triplet molecule induces transitions between different triplet 
states, thus equalizing their populations, and, therefore, reduces any magnetic 
field dependent effect. To account for such situations with significant rotational 
relaxation, we resorted to full solutions of the stochastic Liouville equation (SLE) 
for a triplet ensemble subject to isotropic reorientational diffusion with coefficient 
3
3
6
4
r
kT
D
a
  (a being the hydrodynamic radius of 3AC) and decay with rates as 
given in (17). The SLE was solved numerically by a series expansion of the orien-
tational dependence of the spin density matrix in terms of the Wigner rotation ma-
trices [7, 24], as well as by a Monte Carlo path integration method (see ref. [12], 
p.66 ff). 
The results are given in Fig. 12. Calculations were performed for both parameter 
sets  , , ,p ZFSk D   of (14) and three different hydrodynamic radii ( a  2.27 Å, 
2.74 Å, and 3.45 Å). For comparison, the experimental results are also shown. 
The calculated and experimental curves show good qualitative agreement, al-
though some quantitative discrepancies are quite noticeable. 
 
 (Figure 12 about here) 
 
These discrepancies can have many different reasons, such as a more complicated 
nature of the diffusion process than considered in the SLE, or also some possible 
systematic errors, either in the experimental determination of the quantum yields 
and polarizations and/or in the theoretical models, which were used for the analy-
sis of the experimental data. For example, in our analysis of the experimental data 
we did not include the possible influence of the cage effect on the radical quantum 
yield (we just assumed ФR=2ФC). The cage effect should be rather small as the 
radicals originate from a triplet precursor and, therefore, any primary cage effect 
should be absent. However, the secondary cage effect in the very viscous paraffin 
 19 
oil solvent might well reach a value of about 5% and might be one of the reasons 
for the discrepancy in the experimental and calculated results for C . Therefore, 
our quantitative results regarding the triplet state of AC can not be considered as 
extremely precise, but they are expected to be good estimations, and they provide 
a good semi-quantitative description of the intramolecular processes affecting the 
spin dynamics in the first excited triplet state of AC. It remains to be noted, that 
the obtained diffusional radius ( 3 Å) is absolutely reasonable, because a sphere 
with this radius has roughly the volume of an AC molecule. 
In summary, even if there remain some ambiguities in the assignment of the 
ZFS tensor axes, in this work it has been corroborated that the decay of triplet 
sensitized trans-azocumene is governed by a depopulation-type triplet mechan-
ism, causing the cumyl radicals to originate with initial spin polarization and their 
yield to depend on external magnetic fields. Both, spin polarization and magnetic 
field effect can be satisfactorily described with one and the same set of micro-
scopic parameters. To the best of our knowledge this is the first observation and 
determination of zero-field splitting and substate selective decay kinetics of a trip-
let state for a non-cyclic azoalkane. 
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Table 1: Kinetic parameters for the quenching of 
3
(1-NN) by AC, obtained in LFP experiments 
 
Qk [10
9
 M
-1
s
-1
] 0 [s] R  
1) 
Paraffin Oil 2.0 1.4 0.050 
Squalane 3.6 1.2 0.047 
Squalane:Heptane 6.1 1.1 0.052 
Hexadecane 7.4 1.0 0.053 
Dodecane 8.3 0.6 0.052 
Nonane 9.7 0.5 0.054 
Benzene 3.1 1.0 0.055 
Heptane 10.5 0.8 0.049 
1)
 Obtained for an external magnetic field of 320 mT 
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Table 2: Dependence of the d-type TM polarization induced in 
3
AC on solvent viscosity 
   [cP] 1) P  [Peq] 
Paraffin Oil 106.7 -106 
Squalane 32.4 -104 
Squalane:Heptane (4:1 vol.) 8.32 -104 
Hexadecane 3.32 -100 
Dodecane 1.50 -82 
Nonane 0.71 -63 
Benzene 0.67 -61 
Heptane 0.41 -51 
Pentane 0.24 -36 
2)
 
1)
 at room temperature 
2)
 obtained under assumption that the radical quantum yield at 3 T equals 0.05 
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